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Extraction of natural gas from shale rock in the United States (US) is one of the landmark events in the 
21st century. The combination of horizontal drilling and hydraulic fracturing can extract huge quantities 
of natural gas from impermeable shale formations, which were previously thought to be either 
impossible or uneconomic to produce. This review offers a comprehensive insight into US shale gas 
opportunities, appraising the evolution, evidence and the challenges of shale gas production in the US. 
The history of US shale gas in this article is divided into three periods and based on the change of oil price 
(i.e., the period before the 1970s oil crisis, the period from 1970s to 2000, and the period since 2000), the 
US has moved from being one of the world's biggest importers of gas to being self-sufficient in less than a 


Energy revolution 
Environmental challenge 
Best practices 

US shale gas 


decade, with the shale gas production increasing 12-fold (from 2000 to 2010). The US domestic natural 
gas price hit a 10-year low in 2012. The US domestic natural gas price in the first half of 2012 was about 
$2 per million British Thermal Unit (BTU), compared with Brent crude, the world benchmark price for oil, 
now about $ 80-100/barrel, or $14-17 per million BTU. Partly due to an increase in gas-fired power 
generation in response to low gas prices, US carbon emissions from fossil-fuel combustion fell by 
430 million ton CO2 - more than any other country - between 2006 and 2011. Shale gas also stimulated 
economic growth, creating 600,000 new jobs in the US by 2010. However, the US shale gas revolution 
would be curbed, if the environmental risks posed by hydraulic fracturing are not managed effectively. 
The hydraulic fracturing is water intensive, and can cause pollution in the marine environment, with 
implications for long-term environmental sustainability in several ways. Also, large amounts of methane, 
a powerful greenhouse gas, can be emitted during the shale gas exploration and production. Hydraulic 
fracturing also may induce earthquakes. These environmental risks need to be managed by good 
practices which is not being applied by all the producers in all the locations. Enforcing stronger 
regulations are necessary to minimize risk to the environment and on human health. Robust regulatory 
oversight can however increase the cost of extraction, but stringent regulations can foster an historic 
opportunity to provide cheaper and cleaner gas to meet the consumer demand, as well as to usher in the 
future growth of the industry. 

© 2013 Elsevier Ltd. All rights reserved. 
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1. Introduction 


1.1. Introduction of US shale gas revolution 


The biggest energy story that has happened in the 21st century so 
far is the extraction of natural gas from shale rock formations in the 
United States [1-19]. The combination of horizontal drilling and 
hydraulic fracturing enables the extraction of huge quantities of 
natural gas from impermeable shale formations, which were pre- 
viously thought to be either impractical or uneconomic [4,20,21]. The 
extraction of shale gas has transformed the US energy landscape. 
About 10 years ago, the decline of conventional natural gas output 
indicated that the US's economically recoverable natural gas reserves 
were in long term decline [22-24]. However, extraction of natural gas 
from shale formation has not only offset the decline of conventional 
gas output, but has resulted in the growth of total natural gas 
production. The US is estimated to possess a 100-year supply of 
natural gas at current consumption rates [1,5,11]. In addition, partly 
due to shale gas replacing coal-fired power plant generation, the 
International Energy Agency (IEA) reported that carbon dioxide from 
fossil fuel consumption in the US has fallen by 430 million ton from 
2006 to 2011 (7.7%), the largest reduction of all countries or regions 
surveyed [25]. Despite its far greater efforts to tackle climate change, 


Table 1 


the carbon reduction in the European Union (EU) is less than that of 
the US, partly because of an increase in coal-fired power generation in 
response to Europe's high gas price, the failure of its emissions trading 
policies and the phasing out nuclear energy [25-27]. 

Many other countries, such as China [28], India [29], Poland [30], 
South Africa [31], Australia [32], Ukraine [33], and UK [34,35], are at 
the early stages of evaluating their shale gas resources. Many of these 
countries are attempting to cope with the growing energy demand 
while attempting to reduce their dependence on imported fossil fuel. 
Most notably, China, the world's biggest energy consumer [36] and 
the world's largest shale gas resource holder [37], has set an 
aggressive plan to follow America to boost its shale gas output from 
near zero in 2012 to 6.5 billion m?/year by 2015 and to 80-100 billion 
by 2020, or a quarter of its total gas consumption [28,38-40]. 

However, the rise of shale gas has raised environmental concerns 
{1,3,41-47]. Hydraulic fracturing has been criticized for polluting 
water [41,42,45,48-56], emitting more greenhouse gas caused by 
fugitive methane [57-62], causing detrimental health impacts 
[46,63,64] and even to cause earthquakes [65-67]. If the shale gas 
industry does not work harder to address environmental safety, 
sustainability and health impacts, the revolution risks being limited 
or even halted [68-73]. 


A selected of references of evolution, evidence and challenges of US shale gas revolution. 


Item References 


Official reports Academic papers 


Evolution E.g. [74-82] E.g. [32,52,58,61,83-98] 
Evidences E.g. [21,68,104-106] 
Challenges E.g. [4,37,78,82,141-147] 


E.g. [3,8,11,13-15,18,24,30,32,46,49,50,55,57,61,87,107-134] 
E.g. [3,42,43,46,52-55,58-60,64,86,91,93,99, 107,108,114, 120,121,125, 148-177] 


News analyses 


E.g. [1,5,7,10,31,69,70,99-103] 
E.g. [7,9,26,29,39,135-140] 
E.g. [5,10,31,40,69,101-103] 


Q. Wang et al. / Renewable and Sustainable Energy Reviews 30 (2014) 1-28 


Land surface 


Conventional 
structural oil 
accumulation 


Conventional Coal-bed gas 

structural gas Conventional 
accumulation stratigraphic gas 
accumulation 


Transition 


EXPLANATION 
Continuous-gas O Gas 
accumulation Doi 
O Water 


m Tens of miles (kilometers) — 


Fig. 1. Schematic geology of shale gas compared to other types of gas deposits. 


Source: Ref. [185]. 


Table 2 


Comparison the four types of unconventional gas. 
Source: [184,186-188]. 


Types Geological characteristics 
Shale gas Shale gas is in shale deposits, which are typically found in river deltas, lake deposits or floodplains. Shale is both the source and the reservoir for the 
natural gas. This can either be “free gas” which is trapped in the pores and fissures of the shale rocks, or adsorbed gas which is contained in surfaces of 
the rocks 
Coal-bed Coal-bed methane is produced from and stored in coal seams which are of extremely low permeability 
methane 
Tight gas Unlike shale gas or coal-bed methane, tight gas is formed outside the rock formations where it has migrated over millions of years into extremely 
impermeable hard rock or sandstone or limestone formations which are unusually non-porous 
Methane Methane hydrates is a crystalline combination of methane and water formed at low temperatures under high pressure in the permafrost and under 
hydrates the oceans 


Fig. 2. Diagram of a typical hydraulic fracturing in Marcellus Shale. 
Source: Refs. [193,194]. 
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1.2. The research gap of US shale gas revolution 


A series of reports, papers, and news analyses have been released 
to present the evolution of shale gas revolution, analyze key evidences 
of revolution in US, and discuss the possible environmental challenges 
due to the extraction of shale gas (Table 1). However, there is lack of 
an overview of the evolution, evidences and challenge of US shale gas 
for the broader community. The article aims to provide a broad 
overview of the evolution of shale gas in the US, and giving an insight 
into the environmental challenges shale gas has faced. To this end, the 
paper is organized as follows: Section 2 provides an overview of the 
evolution of US shale gas industry; Section 3 investigates the key 
consequences of the US shale gas revolution; Section 4 discusses the 
environmental concerns attributed to the extraction of shale gas. The 
recommendations and outlook are provided in Section 5. 


2. The evolution of shale gas in US 
2.1. Background information 
2.1.1. What is the shale gas? 
(i) What is unconventional natural gas? 
The definition of unconventional natural gas is a function of 


many geological and economic factors [178-182]. In the broad- 
est sense, natural gas is classified as unconventional gas if it is 


= 


Lower 48 states shale plays 


Monterey 
Santa Maria, 
Ventura, Los 

Angeles Basins 


Fig. 3. Map of United States shale gas plays. 
Source: Ref. [78]. 


situated in rocks formation with a permeability of less than 
1 millidarcy, which makes the gas difficult to flow. On the 
contrary, natural gas deposit can be defined as conventional 
gas if it is contained in rocks (often limestone or sandstone) 
with a permeability of more than 1000 microdarcy, which 
have interconnected spaces that allow the gas to flow freely in 
the rock and to well boreholes [178,179]. 

It should be pointed out that choosing a single value of 
permeability to define “unconventional gas” is of limited 
significance. In deep, high-pressure, thick reservoirs, commer- 
cial completions can be achieved when the formation perme- 
ability is in the microdarcy range [94]. In shallow, low- 
pressure, thin reservoirs, permeabilities of several millidarcies 
might be required to produce the gas at economic flow rates, 
even after a successful fracture treatment [180]. Another 
determining factor of what unconventional natural gas is an 
economic one. The updated economic definition of unconven- 
tional gas is as “natural gas that cannot be produced at 
economic flow rates nor in economic volumes of natural gas 
unless the well is stimulated by a large hydraulic fracture 
treatment, a horizontal wellbore, or by using multilateral 
wellbores or some other technique to expose more of the 
reservoir to the wellbore” [180]. However, this definition may 
be revised in the future in the event of technological advances. 
What is shale gas? 

Essentially, there are four main types of unconventional 
natural gas. These are shale gas, coal-bed methane, tight gas, 
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and gas hydrates | 180, 181,183,184]. A geological comparison of 
these four types is shown in Fig. 1 and Table 2, so as to 
understand what shale gas is. 


2.1.2. What is hydraulic fracturing? 

Hydraulic fracturing is a method used to increase the flowrate 
of oil and gas wells (Fig. 2). The process of hydraulic fracturing 
begins with building the necessary site infrastructure including 
well construction. Production wells are drilled to a depth between 
8000 and 10,000 ft [189,190] and may have horizontal or direc- 
tional sections. A hydraulic fracture is formed by pumping the 
fracturing fluid into the wellbore at a rate sufficient to increase 
pressure downhole to exceed that of the fracture gradient/pres- 
sure gradient of the surrounding rock. The fracturing fluids, 
commonly made up of water (over 90%) and chemical additives, 
are pumped into a geologic formation at high pressure during 
hydraulic fracturing [108,191]. After the fractures are created, 
operators typically try to maintain fracture width, by introducing 
into the injected fluid a proppant that prevent the fractures from 
closing when the injection is stopped and the pressure of the fluid 
is reduced. The propped fracture is permeable enough to allow the 
flow of formation fluids to the well. Formation fluids such as oil, 
gas, and geothermal energy were introduced to the formation 
during completion of the well during fracturing [20]. After 
fracturing is completed, the internal pressure of the geologic 
formation causes the injected fracturing fluids to rise to the 
surface where it may be stored in tanks or pits prior to disposal 
or recycling. Recovered fracturing fluids are referred to as flowback 
or produced water. Disposal options for flowback or produced 
water include discharge into surface water or underground injec- 
tion [189,190,192]. 


2.1.3. How much is the estimated shale gas resources in the US? 

In June 2012, the estimated technically recoverable resource of 
shale gas for the US is 482 trillion cubic feet, substantially below 
the estimate of 827 trillion cubic feet in Annual Energy Outlook 
(AEO) 2011 [78,143]. This decline largely reflects a decrease in the 
estimate for the Marcellus shale, from 410 trillion cubic feet to 141 
trillion cubic feet. Both EIA and USGS have recently made sig- 
nificant revisions to their technically recoverable resource esti- 
mates for the Marcellus shale. Drilling in the Marcellus Shale Play 
accelerated rapidly in 2010 and 2011, so that there is far more 
information available today than a year ago. Indeed, the daily rate 
of Marcellus production doubled during 2011 alone. Using data 
through 2010, USGS updated its technically recoverable resource 


estimate for the Marcellus to 84 trillion cubic feet, with a 90- 
percent confidence range from 43 to 144 trillion cubic feet - a 
substantial increase over the previous USGS estimate of 2 trillion 
cubic feet dating from 2002. For AEO2012, EIA uses more recent 
drilling and production data available through 2011 and excludes 
production experience from the pre-shale era (before 2008). EIA's 
technically recoverable resource estimate for the entire Northeast 
also includes technically recoverable resource of 16 trillion cubic 
feet for the Utica shale, which underlies the Marcellus and is still 
relatively little explored [144]. The largest concentrations of shale 
gas are contained in the Northeast region which contains the 
Marcellus Shale and the Gulf Coast region containing the Haynes- 
ville Shale (Fig. 3). 


2.2. The evolution of shale gas industry in US 


2.2.1. Oil price is used as an indicator 

As we know, the restricted access to conventional fossil fuels in 
a global sense and increased pressure policy pressure on carbon 
reduction are driving factors behind alternative fuels [36,195,196]. 
The US has not committed itself to a reduction of carbon emission, 
as its government did not ratify the Kyoto Protocol [122,197]. 


Table 3 
Selected progress of the shale gas development in the US between 1821 and 1970s. 
Sources: [79,118,206] 


Time Brief introduction 


1821 In 1821, the first well was drilled in the Devonian Dunkirk Shale 
in Chautauqua County, New York. The natural gas was used to 
illuminate the town of Fredonia 

1859 The Drake Well was developed in 1859 at Cherrytree Township, 
Venango County in the northwestern Pennsylvania. The Drake 
Well demonstrates that oil can be produced in large volumes. 
Hence, the Drake Well is viewed as one of the most important 
oil well ever drilled 

1860s-1930s (i) Shale-gas development spread westward along the southern 

shore of Lake Erie and reached northeastern Ohio in the 1870s. 

In 1863, gas was discovered in the western Kentucky part of the 

Illinois basin 

(ii) By the 1920s, drilling for shale gas had progressed into West 

Virginia, Kentucky, and Indiana 

(iii) By 1926, the Devonian shale gas fields of eastern Kentucky 

and West Virginia comprised the largest known gas occurrences 

in the world 

Hydraulic fracturing first used to stimulate oil and gas wells. 

The first hydraulic fracturing treatment was pumped in 1947 on 

a gas well operated by Pan American Petroleum Corporation in 

Grant County, Kansas 


Late 1940s 
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100 + 
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80 4 
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a 60 5 The 1970s oil crisis propelled the US government to invest in research and development 
E] (R&D) and demonstration of shale gas. Meanwhile, the high oil prices attracted private 
8 enterprise to invest in unconventional natural gas 
Z 404 
5 The First Period (1821-1970s) 
The US shale gas production had been discouraged because Fossil fuels had been cheap and they were relatively 
20 4 easy to obtain. 
0 = 
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Fig. 4. The three period of shale gas development in the US based on oil price. Note: Oil prices 1861-1944 US average; 1945-1983 Arabian Light posted at Ras Tanura; 


1984-2010 Brent dated. Oil prices 
Source: Ref. [22]. 
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Therefore, the main driving force behind alternative fuel in the US 
is the scarcity of conventional fossil fuels, although internal policy 
does acknowledge the need to address climate change [130,198- 
200]. 

Oil is a globally traded commodity. Traditional thought has held 
that commodity prices all correlate with oil [201,202]. The oil price 
can not only reflect the scarcity of fossil fuel, but can also adjust 
energy demand and supply [95,119]. Indeed, on one hand, con- 
sumers respond to high oil price by switching to alternative 
energy sources. On the other hand, high oil price encourages 
entrepreneurs to invest in the research and development of 
alternative fuels [203-205]. 

Oil price is used as an indicator in this paper to divide the 
evolution of shale gas development in the US. As shown in Fig. 4, 
the first period is before the 1970s oil crisis, the second period is 
from 1970s to 2000s, and the third period is after 2000s when the 
age of cheap oil has appeared to have ended. 


2.2.2. The infant period (1821-1970s) 

The first use of shale gas in the US can be traced back to 1821, 
when a shallow well drilled in the Devonian Dunkirk Shale in 
Chautauqua County, New York (Table 3). The natural gas was 
produced, transported and sold to local establishments in the 
town of Fredonia [118,156]. Following this discovery, hundreds of 
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shallow shale wells were drilled along the Lake Erie shoreline and 
eventually several shale gas fields were established southeastward 
from the lake in the late 1800's [156]. However, shale gas 
production had been discouraged because much larger volumes 
natural gas could produce from conventional reservoirs as with 
the Drake Well developed in 1859 (see Table 3) [118]. These main 
stages in the shale gas industry from 1860 to 1970s were shale gas 
reservoirs discovered in the western Kentucky in 1863, in West 
Virginia in the 1920s, and hydraulic fracturing first used in the 
1940s (Table 3). 


2.2.3. The large demonstration period (1970s-2000s) 

2.2.3.1. The supporting policies for large demonstration. The 1973 
and 1979 oil crises had led the US to address energy shortages, and 
high price of oil. The 1970s oil crisis propelled the US government 
to invest in research and development (R&D) and demonstration 
of alternative energy, including natural gas from shale formations. 
Meanwhile, the high oil prices attracted private enterprise to 
invest in unconventional natural gas [205,207-210]. 

Before 1970s, deep shale gas, such as the Barnett Shale in Texas 
and Marcellus in Pennsylvania, has been known but believed to 
have extremely low permeability and thus were not considered 
economic [206,211,212]. In the late 1970s, the US Department of 
Energy (DOE) initiated the Eastern Gas Shale Project (EGSP) as a 


1990 1995 2000 


Rbtail Choice Program 


! ° 1992 FERC Order 636 


1 
+ 2000 GRI-IGT 
| merger 


[ i} I 
* 1983,5: Budget decrease in response fo low 


volumgs 


Gas Industry l 


R&D Events 


I 
I 
I 
I 
I 
I 
I 
I 
* 1977: DOE Created 
I 
I 
I 
1 


Fig. 5. A timeline of US official gas industry research institution. 
Source: Ref. [152]. 
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Fig. 6. US domestic natural gas production between 2000 and 2007. 
Source: Ref. [228]. 
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Fig. 7. U.S. shale gas production from 2000 to 2010. 
Source: Ref. [229]. 
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series of geological, geochemical, and petroleum engineering 
studies to evaluate the gas potential of, and to enhance gas 
production from the extensive Devonian and Mississippian 
organic-rich black shale within the Appalachian, Illinois, and 
Michigan basins in the eastern US [84,206,211-214]. 

In addition to providing R&D support, the Gas Research 
Institute (GRI) was established in 1977 [152]. The GRI was provid- 
ing central organizations to manage the public research programs 
that were funded via mechanisms designed to pass R&D costs 
through to the end-customer. A few years later, the DOE was 
established and funding for energy R&D, in general, and in 
particular, supplemental gas supplies, were substantially 
increased. During the 1980s and early 1990s, GRI was expanded 
to include R&D programs addressing supply, transmission, dis- 
tribution and end-use. In the late 1990s, the National Energy 
Technology Laboratory (NETL) was established. A consolidated 
research program led by NETL was initiated aimed primarily at 
preventing pipeline damage of the aging natural gas infrastructure 
in the US. In the same time period, GRI was reorganized to 
emphasize near-term industry impact. In 2000, GRI and the 
Institute of Gas Technology (IGT), which had been the R&D 
performing laboratory for the gas distribution industry, merged 
to form the Gas Technology Institute (GTI) (see Fig. 5) [152]. 


2.2.3.2. The pioneering companies of large scale demonstra- 
tion. Meanwhile, some pioneering oil and gas companies had tried 
to combine larger fracture designs, rigorous reservoir characterization, 
horizontal drilling, and lower cost approaches to hydraulic fracturing 
to make the extraction shale gas economic [37,209,215]. The best- 
known pioneering company is the Mitchell Energy & Development 
Corp. The company went on to test various processes of hydraulic 
fracturing to exploit natural gas in the Barnett Shale formation in 
North Texas between 1981 and the early 1990s. Production from many 
of the 30 or so test wells fell short of covering operational costs. The 
company focused on the test results yielding the greatest returns. The 
engineers of this company analyzed and retested until eventually, the 
successful use of hydraulic fracturing to drill into shale formation 
for natural gas was completed [37,176,189,192,216-218]. The hydr- 
aulic fracturing techniques developed by the Mitchell Energy & 
Development Corp. changed the face of the oil and gas industry 
[37,120,189,216,219]. 
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In a word, these efforts from government and private enter- 
prise during this period contributed to the rapid growth in output 
of shale gas. The output of shale gas in the US increased more than 
seven-fold between 1979 and 2000 [74] 


2.2.4. The industrial-scale period (since 2000) 

Since 2000, three factors have contributed to increase energy 
companies' confidence in the ability to profitably produce natural gas 
in the rock shale formation. Above all, the drilling techniques are more 
advanced. In 2002, Devon Energy Corp. invested $3.5 billion in cash 
and stock to acquire Mitchell Energy & Development Corp. Devon 
Energy Corp added horizontal drilling to its repertoire to make shale 
gas wells even more productive. In the few short years since then, 
technology has continued to improve: drilling techniques have 
continued to advance, and horizontal drilling has been employed by 
many exploration and production companies in search of unconven- 
tional resources. The use of horizontal drilling in conjunction with 
hydraulic fracturing greatly expanded the ability of producers to 


Table 4 

Deliverability and storage capacity at the US LNG import terminals (2006 and 
2008). 

Source: [76]. 


LNG terminal Deliverability Mcf/ Deliverability Mcf/ Storage capacity 


day (year 2006) day (year 2008) Bcf (year 2008) 

Onshore 

Existing 
Cove Point, MD 1000 1800 14.5 
Everett, MA 725 725 3.5 
Elba Island, GA 1200 1200 73 
Lake Charles, LA 1800 1800 9.2 

New 
Freeport LNG 0 1500 6.9 
Sabine Pass 0 2600 10.2 
Cameron LNG 0 1500 10.2 
Onshore total 4725 11,125 61.8 
Offshore 
Gulf Gateway 500 500 (0) 


Mcf=Million Cubic Feet; Bcf=Billion Cubic Feet. 
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Fig. 10. US natural gas production between 1980 and 2005. 
Source: Ref. [228]. 
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profitably produce natural gas from low permeability shale formations 
[37,97,120,208,216,220-222]. 

In addition, the recent rise in oil and gas prices since 2003 
made shale gas more economically attractive than ever before 
[223,224]. From the mid-1980s to 2003, the price of crude oil was 
generally under $25/barrel [22]. The crude oil price rose above 
$30/barrel in 2003, reached $60/barrel in 2005, exceed $75/barrel 
in 2006, reached nearly $100/barrel in 2007, and peaked over 
$140/barrel in 2008 [225,226]. 

Finally, the prospect of falling domestic conventional gas 
production since 2000 triggered expectations of higher US gas 
price inflation in. As shown in Fig. 6, US gas production was in 
slow but steady decline in the early 2000s. In the early 2000s, it 
was expected that US natural gas prices would rise in response to 
the resulting tight market [5,24,227]. 

Due to growing confidence in their ability to profitably produce 
natural gas in shale formations, the upstream oil and gas companies 
aggressively entered the shale gas business. Drilling for gas has 
increased sharply by the independent energy companies such as 
Devon Energy, Goodrich Petroleum and XTO Energy. This can be 
shown by the development of the Barnett Shale Play, the largest 
producible reserves of any onshore natural gas field in the US (Fig. 7) 
[44,208,227]. From 1997 to 2009, more than 13,500 gas wells have 
been drilled in the Barnett Shale Play (Fig. 8). Naturally, the output of 
natural gas from the Barnett Shale Play increased sharply (see Fig. 9). 
In 2004, gas production from the Barnett Shale Play overtook the level 


of shallow shale gas production from historic shale plays such as the 
Appalachian Ohio Shale and Michigan Basin Antrim plays [211]. 

Inspired by the success of Barnett Shale Play, oil and gas 
companies rapidly entered other shale formation, including the 
Fayetteville Haynesville, Marcellus, Woodford, Eagle Ford and 
other shale plays [37]. The proliferation of activity in these new 
plays has increased shale gas production in the US from 1.0 trillion 
cubic feet in 2006 to 4.87 trillion cubic feet, or 23% of total US 
natural gas production in 2010 [4]. 


3. Main evidences of US shale gas revolution 


As Dr. Daniel Yergin claims, “the rapidity and sheer scale of the 
shale breakthrough - and its effects on markets - qualified it as 
the most significant innovation in energy so far since the start of 
the 21st century.” Natural gas from rock shale formation has made 
a huge difference in the US outlook, such as energy independence, 
carbon reduction, lowering gas price, and stimulating economic 
growth and job creation [2,6,7,17,18,99, 110,135,161,230]. 


3.1. Energy independence 


Energy independence has been pursued by the US government 
since 1973, when the oil producing nations in Middle East 
imposed an oil embargo on the US [128,231-234]. However, the 


49% 


ző History 2010 Projections 
25 
© 
& 20 shale gas 
o 
2 
& 
g 15 
° 
= Tight gas 
F 10 


0 T T T 


Non-associated offshore 


Coalbed methane 


Associated with oil 


Non-associated onshore 9 


1990 1995 2000 2005 


Fig. 11. U.S. natural gas production from 1990 to 2035. 
Source: Ref. [143]. 
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Fig. 12. US natural gas import and export between 1990 and 2010. 
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“peak oil theory” indicated that the US would become not less but 
more energy-dependent [232,235]. The peak oil theory has it that 
the rate of oil production tends to follow a bell-shaped curve for 
any given geographic area (from an individual oil-producing 
region to a nation), which means that production would pass a 
maximum production and thereafter would decline [235]. Indeed, 
as US conventional oil production peaked in the 1970s, the US 
imported oil rose from one-third of consumption in the 1970s to 
about half in 2000s [236]. 

US conventional natural gas production also peaked in the 
beginning of 21st century (Fig. 10). The supply-side solution 
appeared to lie in the development of liquefied natural gas 
(LNG) projects in the Middle East, Africa, Australia and Russia for 
importation to the US market [76,112]. In the Short-Term Energy 
Outlook Supplement: U.S. LNG Imports - The Next Wave released in 
2007, the EIA expected that the US would need a continued high 
level of LNG imports to meet gas demand [76]. In 2007 or so, 


Percentage change 


mu Change from Previous Year(%) 


coal 


natural gas 


US LNG import terminals were expected to expand or had a plan 
for expansion [237]. As of December 2006, there were four 
operating onshore LNG import terminals in US with a combined 
peak send out capacity of 4725 million cubic feet (Mcf)/d. There 
were plans for another three LNG import terminals with an 
expected total combined peak send out capacity of more than 
5600 Mcf/d by the end of 2008 [76] (Table 4). 

Shale gas had made a difference, contributing to make US 
contemplate self-sufficiency in natural gas. Shale gas production in 
the US grew from 0.39 trillion cubic feet in 2000, or less than 1% of 
US dry gas production, to 4.87 trillion cubic feet in 2010, or 23% of 
US dry gas production [143] (see Fig. 11). The shale gas production 
boom reduced US natural gas imports in 2011 to levels not seen 
since 1994 [4] (see Fig. 12). 

In the future, shale gas will be the main driver of the US natural 
gas independence. In the AEO2011 and AEO 2012, US domestic 
shale gas production is projected to increase to 13.6 trillion cubic 
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Fig. 13. (up) US energy-related carbon dioxide emission from 1990 to 2012, (down) US energy-related carbon dioxide emission by major source. 
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feet in 2035, representing 49% of the total US gas production 
(Fig. 11). Natural gas consumption is also projected to grow 
however it is expected that production will exceed consumption. 
The resulting gap will facilitate greater exports of gas [4,143]. In 
the AEO2012 reference case, the US will become a net exporter of 
LNG starting in 2016 and an overall net exporter of natural gas in 
2021. The US LNG exports are assumed to start with a capacity of 
1.1 billion cubic feet per day in 2016 and expected to increase by 
an additional 1.1 billion cubic feet per day in 2019 [143]. 


3.2. Carbon reduction 


The Kyoto Protocol was established with the goal of achieving 
the “stabilization of greenhouse gas concentrations” in the atmo- 
sphere at a level that would prevent dangerous anthropogenic 
interference with the climate system under the Kyoto Protocol. 37 
Annex I countries (industrialized countries) commit themselves to 
binding targets for greenhouse gas emissions, whereas non-Annex 
I countries (emerging countries) are not subjected to emission 
reduction commitments [233,238]. The US was the only remaining 
signatory not to have ratified the Kyoto Protocol [122,197]. How- 
ever, both reports from the IEA and the EIA show that carbon 
emissions from fossil-fuel combustion in the US has decreased 
sharply in recent years. Furthermore, carbon emission from fossil- 
fuel combustion in the US is most likely to be back to 1990 levels 
by 2012. 


3.2.1. US carbon reduction of IEA version 

According to the IEA report released in May 2012, fossil fuel 
combustion carbon dioxide emissions in the US have fallen by 
430 million ton (7.7%) from 2006 to 2011, the largest reduction of 
all countries or regions surveyed [25]. Compared to this, the global 


11 


carbon dioxide emission from fossil-fuel combustion reached a 
record high of 31.6gigatons (Gt) in 2011. What caused the carbon 
emission reduction in US? The answer is substantial shift from 
coal to natural gas in power generation and lower oil use in the 
transport sector (linked to efficiency improvements, higher oil 
prices and the economic downturn which has cut vehicle miles 
traveled) [25,239,240]. Dr. Fatih Birol, the Chief Economist of the 
IEA, says: “The replacement of coal by shale gas is a key factor and 
what happened in the US could very well happen in China and 
other countries and could definitely help in reducing CO emis- 
sions” [101]. 


3.2.2. The US energy-related CO2 emissions fall to the lowest level 
since 1994 

According to EIA's Monthly Energy Review released in April 
2013, about 5.3 billion metric ton of CO, were emitted from US 
coal, natural gas, and oil consumption in 2012, a 3.7% decline 
relative to 2011 and the lowest in the lowest since 1994 (Fig. 13). 
Shifted power generation from the most carbon-intensive fossil 
fuel (coal) to the least carbon-intensive fossil fuel (natural gas) is 
the primary reason for reduction of carbon emission from fossil 
energy combustion in US [241] 

In 2012, lower natural gas prices resulted in reduced levels of 
coal generation, and increased natural gas generation gas-fired 
power plants have increased from 25% of US total generating 
electricity in 2011 to 30% of 2012. Coal has fallen to 37% of the US 
electricity generated in the first quarter of 2012, from 42% a year 
ago. For the first time since the 1970s, coal's share of energy 
production has fallen to 37%. Gas is a less carbon-intensive fuel for 
power generation [242]. 

For US carbon emissions from fossil fuel energy combustion, 
fuel switching to gas is back to the future. The 2012 emissions is 
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Fig. 16. US daily dry natural gas production. 
Source: Ref. [81]. 
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nearly to the 1990 level of 5039 million ton [243]. The 1990 level 
of carbon emissions is an important measuring stick, as it is often 
used as a critical data point for judging progress in reducing a 
nation's carbon emissions. It was thought impossible to slash US 
carbon emissions back to 1990 levels by 2012, because no real 
effort by the US government is addressed on global warming and 
America has longstanding reputation as an energy hog. However, 
the shale gas revolution has made a reality many things recently 
thought impossible in the US carbon reduction. 


3.3. New era of cheap natural gas 


Due to burner tip competition between natural gas and oil 
products and the general similarity of their production technolo- 
gies natural gas and crude oil prices have been historically closely 
related [132,158,244-246]. In the context of the co-integrating 
relationship between natural gas and crude oil prices [87,158,247], 
‘the end of cheap oil’ [91,226,248] raises the question of whether 
the era of cheap natural gas in the US will end. Shale gas has made 
a difference. The shale gas boom has contributed to not only to the 
birth of a new era of cheap natural gas, but also the decoupling of 
US domestic natural gas price from crude oil price, which has a 
significant effect on the global gas pricing system. 


3.3.1. Domestic natural gas price hit a 10-years low 

On one hand, US demand for natural gas has been fairly flat for 
the last 10 years, regardless of price. The four major users of 
natural gas are (a) electric powergenerators, (b) industrial con- 
sumers, (c) commercial consumers and (d) residential customers. 
Of these four, only electrical power has been growing (Fig. 14). 
Even with very low prices in 2011, total natural gas consumption 
only rose by 2.2% in 2011 compared to 2010 (Fig. 14). On the other 
hand, the rapid growth in production of shale gas has contributed 
to continued growth in natural gas production (Fig. 11). The US 
natural gas pricing system is based on supply and demand 
[126,249]. If there is a mismatch between supply and demand, 
natural gas price will drop or rise in response [153]. Continued 
high production levels of natural gas and a near stagnation in 
demand (Figs. 11 and 14) have led US domestic natural gas price to 
fall since late 2005 [250,251] (Fig. 15). 

In the first half of 2012, the US domestic natural gas price hit a 
10-years low as a result of high production levels and slack 
demand. As shown in Fig. 16, after a long period of steady growth, 
US daily dry gas production growth leveled off during the first 3 
months of 2012, averaging 63.8 billion cubic feet (Bcf)/d through 
March 31, a level almost 9% above the same period in 2011 [81]. 
Fig. 17 shows storage levels of US natural gas to be 2479 Bcf/d for 
the week ending March 30, more than 60% above the 5-year 
average for that week. Correspondingly, on March 31, the spot 


4,500 
4,000 


3,500 
3,000 


2011-2012 winter 


natural gas prices at the Henry Hub approached $2 per million 
BTU. On April 18, the natural gas spot price at Henry Hub was $1.87 
per million BTU, which is a record low for the last decade - about 
where it was in 2002 [81]. 

The EIA projects that average annual wellhead prices for 
natural gas will remain below $5.1 per million BTU (2010 dollars) 
through 2023. The EIA's projected prices assume continued 
industry success in developing the nation's extensive shale gas 
resource. The resilience of drilling levels, despite low natural gas 
prices, is in part a result of high crude oil prices, which signifi- 
cantly improve the economics of natural gas plays that have high 
concentrations of crude oil, condensates, or natural gas liquids. 
After 2023, natural gas prices are assumed to generally increase as 
the numbers of tight gas and shale gas wells drilled increased to 
meet growing domestic demand for natural gas and offset declines 
in natural gas production from other sources. Natural gas prices 
rise as production gradually shifts to resources that are less 
productive and more expensive. Natural gas wellhead prices (in 
2010 dollars) reach $6.61 to $6.64 per million BTU in 2035 [4,143]. 
Compared to the natural gas, the crude oil price is projected to 
remain high, approaching $120 per barrel, or $21 per million BTU 
(in year-2010 dollars) in 2035 in the IEA's New Policies Scenario 
[253]. According to these projections, the shale gas boom has 
contributed to a new era of cheap natural gas in the US. 


3.3.2. Potential for change in global natural gas pricing 

In the first half of 2012, the price of gas in the US is a 60% of that in 
western Europe and a 20% of that in Asia [254,255]. Some US energy 
companies, such as Houston-based Cheniere Energy and Freeport LNG 
Expansion, L.P. (Freeport LNG) are in the process of developing 
facilities to export natural gas [256]. A $10 billion Sabine Pass 
liquefaction plant planned by Cheniere Energy has been given its final 
approval by the federal energy regulator, clearing the way for 
construction to start at the site on the coast of Louisiana. This project 
is the first project to export LNG from the US in more than 40 years. 
Cheniere has already lined up four customers: BG Group of the UK, 
Gas Natural Fenosa of Spain, Kogas of Korea and Gail of India, to export 
a total of 16 million ton of LNG per year, roughly 89% of the plant's 
possible maximum capacity if all four trains are built [102]. In 
addition, on July 30, 2012, Freeport LNG announced that it had 
executed 20-year liquefaction tolling agreements with Osaka Gas 
Co., Ltd. and Chubu Electric Power Co., Inc. covering 100% of the 
liquefaction capacity of the first train of Freeport LNG's proposed 
natural gas liquefaction and LNG loading facility near Freeport, Texas. 
The initial 3-train facility will be capable of liquefying approximately 
13.2 million ton per annum of natural gas. Freeport LNG expects that 
all three trains will be fully subscribed by the end of 2012 [100,257]. 

The US Energy Department has commissioned a study of the 
impact of exports on domestic energy use, output and prices before 
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Fig. 17. US natural gas storage inventories. 
Source: Ref. [81]. 


20-Jan 17-Feb 16-Mar 


Q Wang et al. / Renewable and Sustainable Energy Reviews 30 (2014) 1-28 


deciding on additional permit requests. Although the issue is whether 
the US would become a big natural gas exporter | 102,136,143,254], the 
US export natural gas is a change of potentially huge proportions for 
global natural gas pricing system. For decades, global natural gas has 
been sold under 20-year contracts indexed to the price of oil. The 
global gas pricing system began in the 1970s when Japanese utilities 
started importing large volumes of LNG from countries under 
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long-term contracts indexed to the so-called the Japan Customs- 
cleared Crude, or “Japanese Crude Cocktail” (JCC). JCC is the average 
price of customs-cleared crude oil imports into Japan as reported in 
customs statistics. South Korea and Taiwan followed suit, and the JCC 
link became standard for Asian buyers. There JCC is a commonly used 
index in long term LNG contracts in Japan, Korea and Taiwan [83,258]. 
Russian pipeline exports to Europe are similarly oil-indexed [85,258]. 
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Fig. 18. The evolution of the US Wellhead gas price versus the Western Texas Intermediate crude spot oil price (WTI), and Brent spot price from January 1986 to May 2012. 


Source: Ref. [22, 251]. 


Fig. 19. US shale gas employment contribution in 2010. 
Source: Ref. [106]. 


Table 5 
Summary of five studies about the impact of shale gas on local economy. 
Researchers 


Shale play Main conclusion 


CBER, Ref. [261] Marcellus Shale in Arkansas 


E Agriculture 

E Mining 

Construction 

E Manufacturing 
Transportation and Utilities 
E Retail and Wholesale Trade 
E Services 


Government 


Shale gas extraction is estimated to increase gross revenues in the state of Arkansas by $2.6 billion and 


generate 9533 jobs in 2007 


Considine et al., Marcellus Shale in western and 


Ref. [259] northern Pennsylvania 
Considine et al., Marcellus Shale in western and 
Ref. [262] northern Pennsylvania 


The shale gas extraction industry is responsible for $2.263 billion in economic activity, the creation of 29,284 
jobs, and the payment of $238.5 million in state and local taxes within the Pennsylvania in 2008 

(i) The shale gas industry is estimated to have contributed 44,098 jobs to the Pennsylvania economy and 
paid $389 million in state and local taxes in 2009. (ii). The economic impact of the shale gas industry is 


expected to $18.85 billion in value added, $1.87 billion in state and local taxes, and nearly 212,000 jobs by 


2020 
The Permanent 
Group, Ref. [263] 


Barnett in Dallas/Ft. Worth Area 


(i) The economic effects of Barnett Shale activity in 2006 was $6.1 billion in annual output and 60,820 jobs. 
(ii) The economic effects of Barnett Shale activity in 2007 was $8.4 billion in output and 83,823 positions. 


(iii) The economic effects of Barnett Shale activity in 2008 are even higher than in years past, with 
incremental output of $11.0 billion and 111,131 jobs 


Scott, Ref. [264] Haynesville in Louisiana 


It was estimated that the extraction activity of these seven firms generated approximately $2.4 billion in 


new business sales within the state of Louisiana in 2008 


14 Q Wang et al. / Renewable and Sustainable Energy Reviews 30 (2014) 1-28 


Cheniere is doing it differently. Natural gas will be sold at a price 
indexed to Henry Hub, the main US gas benchmark. For the first time, 
the global natural gas trade is not based on indexed to the price of oil. 
As mentioned earlier, the Henry Hub natural gas spot price at about $2 
per million BTU in the first half of 2012. After liquefaction, transport 
and other costs, LNG could be imported into Asia for less than $9 per 
million BTU - compared with a long-term contractual price of $17-19 
per million BTU in Japan [10,100]. 

Therefore, the switch to Henry Hub pricing is a “paradigm 
shift”. It is difficult to exaggerate the significance of this shift and 
its consequences for the pricing system of the global natural 
market (Fig. 18). 


3.4. Job creation and industrial revival 
3.4.1. Job creation 
© Stimulating national economic growth and job creation 


The rapid growth in shale gas production is having profound 
economic impacts [93,106,149,259,260]. A report examining 
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the economic impacts of unconventional gas activity suggests 
that the shale gas industry supported more than 600,000 jobs 
(Fig. 19) and by 2015 the total is likely to grow to nearly 
870,000 and to more than 1.6 million by 2035 [106]. A key 
reason for the shale gas industry's profound economic impact is 
its high “employment multiplier” - the indirect and induced 
jobs created to support the industry. For every direct job 
created in the shale gas sector, more than three indirect and 
induced jobs are created, a rate higher than the financial and 
construction industries [106]. The shale gas contribution to the 
American gross domestic product (GDP) was more than $76.9 
billion in 2010; in 2015 it will be $118.2 billion and will triple to 
$231.1 billion in 2035. Over the next 25 years, the shale gas 
industry will generate more than $933 billion in tax revenues 
for local, state and the federal governments. Savings from lower 
gas prices, as well as the associated lower prices for other 
consumer purchases, equate to an annual average addition of 
$926 in disposable income per household between 2012 and 
2015, and increase to more than $2000 per household in 2035 
on an annual basis [106]. 
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Fig. 20. A simplified ethylene supply chain from ethane feedstock through petrochemical. 
Source: Ref. [266]. 
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© Stimulating local economic growth and job creation 


Several reports estimate the impact of shale gas extraction on 
state and local job creation, economic growth. Table 5 sum- 


marizes the findings o 


f five reports [133,259,261-264]. 


3.4.2. Industrial revival - a case study of chemical industry 
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Cheaper natural gas is giving the US chemical industry an 
advantage over foreign competitors that rely on an oil-based raw 
material instead of natural gas. As mentioned earlier, the shale gas 
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Fig. 21. Natural gas drilling practices raise environmental concerns. 
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Hydraulic fracturing often involves 
the injection of more than a million 
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at high pressure down the well. The 
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depending on the characteristics of 
the hydrocarbon-bearing formation. 
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Fig. 23. The water lifecycle in hydraulic fracturing. 
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boom has reduced the prices of natural gas as well as natural gas 
liquids (NGLs). One of these NGLs is ethane, which is used to 
manufacture ethylene, an organic compound with extensive 
applications in the chemical industry (Fig. 20). Ethylene can also 
be manufactured from oil-based naphtha [265]. The US chemicals 
use ethane, which is derived from NGLs, whereas international 
competitors rely on a more expensive oil-based raw material. 
Thus, the crucial factor of the US chemical industrial competitive- 
ness is the difference between the price of US domestic natural gas 
and global crude oil. For example, with global oil prices at more 
than $80/barrel (about $14 per million BTU) and gas at $2/MBTU, 
the US chemistries industry now enjoys a 7-1 price advantage 
over its global rivals. 

Chemical companies are taking advantage of cheap natural gas 
by expanding facilities and building new ones. In May 2012, new 
facilities and significant expansions — totaling $25 billion in capital 
investment took place [267]. One of the biggest investment was 
made by The Dow Chemical Company (DOW) to build an ethylene 
cracker and a new propylene production facility in Freeport, Texas. 
In fact, the $1.7 billion expansion is only part of a planned $4 
billion expansion in Texas. The new facility in Freeport will not 
open until 2017, which indicates Dow's belief that cheap, abundant 
shale gas will be available in Texas for the foreseeable future. Such 
a project would have been unthinkable 5 or 10 years ago when 
natural gas prices were higher and gas supplies much tighter 
[76,112]. Dow's expansions will also bring jobs to a US economy 
that sorely needs them. In total, Dow expects to employ 4800 
workers during construction of the project [103]. 

The underpinning for these chemical company projects is a 
steady supply of cheap natural gas. DOW would need to rise over 
$10 per million BTU while oil remained over $100/barrel in order 
for there to be problems with the return on investment of the 
project in Freeport. Of course, Dow does not expect natural gas 
prices, currently trading between $2 and $2.50 per million BTU in 
the US, to reach those heights for many years. Therefore, the shale 
gas boom is expected to keep ethane more cost-feasible, which in 
turn will give the United States chemical companies a sustainable 
international competitive advantage [103,268]. 


4. Environmental challenges 


Naturally, accompanying the benefits of the shale gas extrac- 
tion are environmental concerns (Fig. 21). Environmental impacts 
have not adequately been brought into discussions about natural 
gas extraction at earlier stages. With the continual expansion of 
natural gas production, the environmental issues associated with 
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the shale gas have become increasingly controversial. Indeed, the 
potential environmental impacts have posed a significantly nega- 
tive influence on public opposition, which is curbing and even 
halting the shale gas revolution in its tracks. The researchers of 
Energy Institute at The University of Texas researchers analyzed 
print, broadcast and online news media coverage of shale gas 
development in the Marcellus, Haynesville, and Barnett shale 
areas. They found the tone of media coverage been overwhel- 
mingly negative in all forms of media coverage. Roughly two- 
thirds of the articles and stories examined were deemed negative, 
a finding that was consistent nationally and at local levels. These 
researchers also found that less than 20% of newspaper articles on 
hydraulic fracturing mention scientific research related to the 
issue. Similarly, only 25% of broadcast news stories examined 
made reference to scientific studies, and about 33% of online news 
coverage mentioned research on the issue [269] (Fig. 22). Here, we 
focus on four prominent environmental concerns surrounding 
hydraulic fracturing, i.e., water issues, greenhouse gas emissions, 
induced earthquake, and health concerns. 


4.1. Water issues 


Hydraulic fracturing involves the high-pressure injection of 
water and chemicals into the ground to split rock apart and release 
natural gas. Fig. 23 illustrates a typical drilling well in the 
Marcellus Shale. As shown in Fig. 24, a series of challenges have 
been posed for protecting water resources. Indeed, much of the 
opposition centers on water issues caused by extraction shale gas 
[41,49,50,64,65,92,125,157,167,170,222,270-274]. 


4.1.1. Large volume withdrawal water 

The production of shale gas consumes a large volume of fresh- 
water. The amount of water needed in the hydraulic fracturing process 
depends on the type of the shale gas and the fracturing operations, 
such as well depth and length, fracturing fluid properties, and fracture 
job design. As show in Table 6, 2-4 million gal of water are typically 
needed per horizontal well in shale gas production [275-277]. 

It was estimated that about 35,000 wells were fracked in 2006 
in the US [134]. The annual national water requirement may range 
from 70 to 140 billion gal. This is equivalent to the amount of 
water consumed in a year by 5 million people [275]. Clearly, water 
consumption will grow with the increase in number of wells and 
shale gas production. For example, in the Barnett Shale Play 
(Fig. 8), the annual estimates of total water used by gas producers 
has increased from 2.6 billion gal in 2005 to 5.3 billion gal in 2007 
and to 9.5 billion gal in 2010 [278]. 
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Fig. 24. Well-to-Wire emissions intensity to best/worst parameter settings changed one at a time about a 2 Bcf base case. Abbreviation: SG - Shale gas; NG - Natural gas; API 


- American Petroleum Institute; EPA - Environmental Protection Agency. 
Source: Ref. [86]. 
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One way to offset the large water requirements for hydraulic 
fracturing is to recycle the flowback or produced water in the 
fracturing process [279,280]. The produced water may be treated 
and reused by adding additional chemicals as well as fresh water 
to compose a new fracturing solution. There are, however, chal- 
lenges associated with reusing flowback due to the high concen- 
trations of total dissolved solids (TDS) and other dissolved 
constituents found in flowback [281]. Constituents such as specific 
cations (e.g., calcium, magnesium, iron, barium, and strontium) 
and anions (e.g., chloride, bicarbonate, phosphate, and sulfate) can 
interfere with hydraulic fracturing fluid performance by producing 
scale or by interfering with chemical additives in the fluids [282]. 

Certainly, such large volume water, high rate of withdrawals 
from local surface or ground water sources has a significant impact 
on local water system. However, so far, it is not clear how the 
large volume water withdrawals impact the local water system 
[113,283-285]. 


4.1.2. Potential for water contamination 

The production of shale gas without good practices can con- 
taminate the marine environment [41,49,50,65,92,124,129,137, 
177,270,286]. As mentioned earlier, chemicals are used throughout 
operations to reach and release natural gas from shale rock 
formation. Table 7 summarizes purposes of use of different 
chemical groups used in hydraulic fracturing [64]. Although some 
of the chemicals used are generally harmless [287,288], many of 
them are toxic and known carcinogens [151]. The 2011 US House 
of Representatives investigative report on the chemicals used in 
hydraulic fracturing states that out of 2500 hydraulic fracturing 
products, more than 650 are known or possible human carcino- 
gens [271]. Presence of these genotoxic and carcinogenic chemi- 
cals in the aquatic environment has attracted regulatory attention 
in different parts of the world, including EU [173] as this could lead 


Table 6 

Comparison of estimate water needs for hydraulic fracturing of horizontal wells in 
different shale plays. 

Source: [275-277]. 


to short- and long-term survival of natural biota as well as having 
detrimental impact on human health [174,175]. 

Chemicals make up 0.5-2.0% of what is found in fluids of 
hydraulic fracturing - a small percentage of the total that can 
nevertheless add up to hundreds of thousands of gallons injected 
directly into the ground [46,108]. For example, a 4 million gal 
fracturing operation would use from 80 to 330 ton of chemicals 
[191]. However, a small quantity of chemicals used in fracking 
might be capable of contaminating millions of gallons of water. For 
example, benzene present in the petroleum-based products is a 
known human carcinogen and toxic in water at levels greater than 
5 ppb (or 0.005 ppm) [162]. Therefore, these hydraulic fracturing 
fluids containing chemicals should be deemed to be “hazardous 
wastes” [146]. It is unconscionable that these hydraulic fracturing 
fluids are allowed to be injected directly into underground sources 
of drinking water, even if these chemicals are diluted [289]. 

In addition, flowback or “produced” water from fracturing fluid 
might contaminate surface waters [46]. It has been reported that a 
single well hydrofracturing in the Marcellus Shale may require 1- 
5 million gal of fracturing fluid, of which between 25% and 100% 
may be returned to the surface as flowback or “produced” water 
which might contaminate surface water. In addition to chemical 
additives, flowback water from Marcellus hydrofracturing typically 
contains high levels of TDS (ranging from 70,000 to 250,000 mg/L) 
hydrocarbons, and heavy metals. The presence of these constitu- 
ents precludes untreated re-use or direct discharge onto land or 
into receiving streams, as they may adversely impact human 
health and environmental quality [146]. Conventional treatment 
processes, such as reverse osmosis and distillation, are not likely to 
be utilized due to their high capital costs and energy requirements 
[125]. Disposal by dilution into Public Owned Treatment Works 
(POTWs), the common method to date for handling Marcellus 
flowback water in Pennsylvania, is not sustainable either, as 
transportation costs are extremely high, and POTWs are limited 
as to how much water they can accept and treat. For example, in 
response to high TDS levels measured in the Monongahela River in 
the fall of 2008, the Pennsylvania Department of Environmental 
Protection ordered a restriction on the amount of flowback 
disposal to POTWs in the basin [290]. 

Finally, the principal component in shale gas, methane (CH4) 


Shale play Formation depth (ft) Porosity (%) Fracturing water : ‘ N 
(million gal/well) also can contaminate water [41,46,92,169]. Shale gas is typically 
comprised of over 90% methane [291] which can contaminate 
Barnett 6500-8500 iS 23 active drilling sites [41]. The US Department of the Interior 
a nena sa T T recommends that immediate action should be taken to ventilate 
Marcellus 4000-8500 10 38 the well head when dissolved methane is present in water in 
concentrations greater than 28 milligrams (mg) per liter. At a 
Table 7 
Functional categories of hydraulic fracturing chemicals. 
Source: [64]. 
Chemicals Function 
Acids To achieve greater injection ability or penetration and later to dissolve minerals and clays to reduce clogging, allowing gas to flow to the surface 
Biocides To prevent bacteria that can produce acids that erode pipes and fittings and break down gellants that ensure that fluid viscosity and proppant 
transport are maintained 
Breakers To allow the breakdown of gellants used to carry the proppant, added near the end of the fracking sequence to enhance flowback 
Clay stabilizers To create a fluid barrier to prevent mobilization of clays, which can plug fractures 
Corrosion To reduce the potential for rusting in pipes and casings 
inhibitors 
Crosslinkers To thicken fluids often with metallic salts in order to increase viscosity and proppant transport 
Defoamers To reduce foaming after it is no longer needed in order to lower surface tension and allow trapped gas to escape 
Foamers To increase carrying-capacity while transporting proppants and decreasing the overall volume of fluid needed 


Friction reducers To make water slick and minimize the friction created under high pressure and to increase the rate and efficiency of moving the fracking fluid 


Gellants To increase viscosity and suspend sand during proppant transport 

pH control To maintain the pH at various stages using buffers to ensure maximum effectiveness of various additives 

Proppants To hold fissures open, allowing gas to flow out of the cracked formation, usually composed of sand and occasionally glass beads 
Scale control To prevent build up of mineral scale that can block fluid and gas passage through the pipes 

Surfactants To decrease liquid surface tension and improve fluid passage through pipes in either direction 
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concentration of more than 10 mg/L, occupants in the surrounding 
area should be warned, ignition sources should be removed from 
the areas, and remediation should be performed to reduce the 
methane concentration to less than 10 mg/L [292]. The average 
methane level from residential wells near drilling sites - 19.2 mg/L 
- was within the defined action level of > 10 mg/L but < 28 mg/L 
recommended for hazard mitigation by the US Department of the 
Interior. The maximum value of 64 mg/L constituted a potential 
explosion hazard [41]. 


4.2. Is shale gas good for climate change? 


Based on the IPCC reports [293,294], the general consensus is 
that natural gas emits about half as much carbon as coal when 
used in efficient power plants. The official reports of carbon 
emission from fossil fuel combustion, such as IEA (e.g. [25,104]), 
EIA (e.g. [77]) and US EPA (e.g. [295]) are based on this consensus. 
In addition, the consensus are also adopted by the academic 
research papers about carbon emission (e.g, [296-299]). 

However, if based on “carbon footprint” (life cycle greenhouse gas 
emission) [165,172], the effects of shale gas on climate change have 
become more complex and controversial, partly because of uncer- 
tainty about the extent of methane leaks [58,90,154,163, 
164,300,301]. Methane is a very powerful greenhouse gas, although 
it stays only one tenth period compared to carbon dioxide in the 
atmosphere. Methane has a global warming potential (GWP) that is 
72-fold greater than carbon dioxide when viewed over a 20-year 
period and 33-fold greater when viewed over a 100-year period 
[147]. However, if considering the direct and indirect radioactive 


Table 8 

Comparison of published estimates for full life-cycle methane emissions from 
conventional gas and shale gas. 

Source: [57,164]. 


Researchers Conventional gas (gC/MJ~ ') Shale gas (gC/MJ ~!) 
Howarth et al [163] 0.26-0.96 0.55-1.2 
EPA [72] 0.38 0.60* 
Jiang et al. [43] N/A 0.30 
Fulton et al. [303] 0.38 N/A 
Skone et al. [304] 0.27 0.37 
Burnham et al. [60] 0.39 0.29 
Cathles et al. [154] 0.14-0.36 0.14-0.36 
Pétron et al. [57] N/A 0.60 
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effects of aerosol responses, GWP of methane is 79 and 105 over a 
20-year period [302]. Partly due to different estimation of full life- 
cycle methane emission from shale gas (Table 8), recent studies 
[43,57,58,60,61 86,89, 115,148,154, 163,164,273,303,304] have come to 
complex and conflicting conclusions whether the greenhouse gas 
footprint of shale gas would slow the climate change compared to 
coal and oil. The main contradictory conclusions are summarized in 
Table 8. 


4.2.1. Shale gas is better than coal and oil for climate change 

(i) Comparison of the carbon footprint of conventional gas and 
shale gas 

Stephenson et al. [86] estimated that shale gas typically has a 
“well-to-wire” (WtW) emissions intensity about 1.8-2.4% 
higher than conventional gas, arising mainly from higher 
methane releases in well completion. Even using extreme 
assumptions, it was found that WtW emissions from shale gas 
need be no more than 15% higher than conventional gas if 
flaring or recovery measures are used. In all cases considered, 
the WtW emissions from burning natural gas to generate 
electricity are significantly lower than those of coal [86] 
(Fig. 23). In Stephenson's study, the emissions of gas produc- 
tion have been modeled, so as to eliminate site-specific 
factors to compare gas production methods on an equal 
footing. In this way, parameters common to both methods 
of production can be held constant, while allowing those 
parameters which differentiate unconventional gas and con- 
ventional gas production to vary [86]. 

Comparison carbon footprint of shale gas and coal in elec- 
tricity 

Jiang et al. [43] estimated the life cycle of greenhouse gas 
emissions of Marcellus shale gas to be 63-75 g COze/MJ with 
an average of 68 g COze/MJ of gas produced. There is sig- 
nificant uncertainty in their Marcellus shale greenhouse gas 
emission estimates due to eventual production volumes and 
variability in flaring, construction and transportation. How- 
ever, natural gas from the Marcellus shale has generally lower 
life cycle greenhouse gas emissions than coal for production 
of electricity in the absence of any effective carbon capture 
and storage processes, by 20-50% depending upon plant 
efficiencies and natural gas emissions variability [43] 
(Fig. 25). In their study, Jiang et al. compared the emissions 
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Fig. 25. Comparison of life cycle greenhouse gas emissions from Marcellus shale gas and coal for use in electricity production. 


Source: Ref. [43]. 
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associated with using Marcellus shale gas in a natural gas 
combined cycle (NGCC) power plant (efficiency of 50%) and 
the emissions from using coal in pulverized coal (PC) plants 
(efficiency of 39%) and integrated gasification combined cycle 
(IGCC) plants (efficiency of 38%). They also compared the life 
cycle emissions of electricity generated in power plants with 
carbon capture and sequestration (CCS) capabilities (efficiency 
of 43% for NGCC with CCS; efficiency of 30% for PC with CCS; 
efficiency of 33% for ICGG with CCS) [43]. 

In older plants, Cathles et al. [154] estimated 60% and 30% 
efficiency for natural gas and coal based generation of electricity 
respectively. Relatively low-cost 60% efficient generators using 
natural gas are commonly available (e.g. Siemens). When both 
fuels are used to produce electricity (MJe), the greenhouse impact 
of natural gas is only as bad as coal if a very high methane 
leakage rate of 7.9% and a short global warming impact period of 
20 years are selected. If the comparison is based on the heat 
content of the fuels, the top (green) portion of the column is 
doubled in length, and gas becomes twice as bad as coal from a 
greenhouse perspective. Assuming more realistic estimates of gas 
leakage rates and using the 100 year GWP factor (of 33 g of 
greenhouse gas-equivalent CO, per gram of methane released to 
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the atmosphere) which captures the contrast in atmospheric 
lifetimes of CO, and natural gas, shale gas has a much smaller 
global warming impact than coal. For leakage rates less than 2%, 
the impact of shale gas approaches one third that of coal, and 
methane leakage (top green bar) is an insignificant part of the 
greenhouse forcing compared to the CO» released during com- 
bustion (bottom blue part of bar) [154] (Fig. 26). 

Comparison carbon footprint of shale gas and coal and oil 
By using the GREET (Greenhouse gases, Regulated Emissions, 
and Energy use in Transportation) model of 1.8 version [305], 
Burnham et al examined the current state of knowledge 
regarding the key CH, emission sources from shale gas, 
conventional natural gas, coal, and petroleum to estimate 
greenhouse gas emissions and to understand the uncertain- 
ties involved in calculating their life-cycle greenhouse gas 
impacts. Burnham et al. report that shale gas life-cycle 
emissions are 6% lower than conventional natural gas, 23% 
lower than gasoline, and 33% lower than coal. However, the 
range in values for shale and conventional gas overlap, so 
there is a statistical uncertainty whether shale gas emissions 
are indeed lower than conventional gas. The study also high- 
lights that upstream methane leakage and venting is a key 
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Fig. 26. Comparison of the greenhouse impact of burning natural gas to coal when the fuels are used to produce electricity. 
Source: Ref. [154]. 
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contributor to the total upstream emissions of natural gas 
pathways, and can significantly reduce their life-cycle benefit 
compared to coal or petroleum. The study found that shale 
gas well completion and work over emissions are a much 
more significant factor compared to a conventional natural 
gas pathway [60] (Fig. 27). 


4.2.2. Shale gas might be worse than coal for climate 


(i) Comparison of carbon footprint of shale gas, conventional gas, 


(ii) 


coal and oil 

Howarth et al. [163] suggest that the greenhouse gas footprint 
of shale gas is significantly larger than that from conventional 
gas, oil and coal, due to methane emissions with flow-back 
fluids and from drill out of wells during well completion [163]. 
They claim that methane contributes substantially to the 
greenhouse gas footprint on shorter time scales, dominating 
it on a 20-year time horizon. On a 20-year horizon, the 
greenhouse footprint is 22-43% greater than that for conven- 
tional gas. On a 100-year horizon, the greenhouse gas footprint 
is 14-19% greater than that for conventional gas. Considering 
the 20-year horizon, the greenhouse gas footprint for shale gas 
is at least 20% greater than and perhaps more than twice as 
great as that for coal when expressed per quantity of energy 
available during combustion. Over the 100-year frame, the 
greenhouse footprint is comparable to that for coal: the low- 
end shale-gas emissions are 18% lower than deep-mined coal, 
and the high-end shale-gas emissions are 15% greater than 
surface-mined coal emissions. For the 20 year horizon, the 
greenhouse gas footprint of shale gas is at least 50% greater 
than for oil, and perhaps 2.5-times greater. At the 100-year 
time scale, the footprint for shale gas is similar to or 35% 
greater than for oil (see Fig. 28) [163]. 

Future scenarios of climate change impacted by the shale gas 
A study by Wigley [58] took a more comprehensive look at the 
issue by incorporating the cooling effects of pollutants (e.g. 
sulfur dioxide, nitrogen oxides, and particles) associated with 
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coal burning and by analyzing the complex climatic influences 
of methane, which affects other atmospheric gases (e.g. ozone 
and water vapor). A computer climate model known as 
MAGICC (Model for the Assessment of Greenhouse-gas 
Induced Climate Change) that simulates changes in atmo- 
spheric levels of greenhouse gases and their influences on 
global climate reported a shift from coal to gas would reduce 
emissions of carbon dioxide, but this shift would slightly 
accelerate climate change through at least 2050, even if no 
methane leaked from natural gas operations (Fig. 29). For 
example, a 50% reduction in coal and a corresponding increase 
in natural gas use would lead to a slight increase in worldwide 
warming for the next 40 years of about 0.1° Fahrenheit (less 
than 0.1 °C). To assess the impacts of fugitive methane, Wigley 
[58] analyzed the impacts of leakage rates from O to 10%, 
rather than try to assign a fixed percentage to methane leaks 
from natural gas operations and found that natural gas might 
have more of a negative climatic impact than coal if methane 
leaks would be over 2% [58]. However, as shown in Table 9, 
over half of estimates of methane emission for upstream plus 
midstream from shale gas are over 2%. In addition, with the 
exception of the estimate by Pétron et al. [57], all of these 
upstream emissions for unconventional gas are based on 
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Fig. 29. The effects of different methane leakage rates on global-mean tempera- 
ture. The top four curves (CH4 component) show the effects of methane concen- 
tration changes. 
Source: Ref. [58]. 
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Fig. 28. Comparison of greenhouse gas emissions from shale gas with low and high estimates of fugitive methane emissions, conventional natural gas with low and high 
estimates of fugitive methane emissions, surface-mined coal, deep-mined coal, and diesel oil. (A) 20-year time horizon and (B) 100-year time horizon. 
Source: Ref. [163]. 
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sparse and poorly documented data. The study by Pétron et al. 
[57] measured fluxes from an shale gas field — at the landscape 
scale — over the course of a year, and is a robust estimate [306]. 
Pétron et al. reported an estimated loss of 2.3-7.7% for 
upstream plus midstream emissions from shale gas [57]. The 
combination Wigley's study and the estimates of fugitive 
methane indicate that shale gas might be worse in climate 
change terms than coal in the future. 


Table 9 
Estimates of methane emissions from upstream (at the well site) plus midstream 
(at gas processing plants) of shale gas. 
Source: [306]. 
Researchers Shale gas (the percentage of methane 
produced over the lifecycle of a well) 


Howarth et al [163] 3.3% (mean, range=2.2-2.4%) 


EPA [72] 3.0% 
Jiang et al. [43] 2.0% 
Hultman et al. (2011) 2.8% 
Stephenson et al. [86] 0.6% 
Burnham et al. [60] 1.3% 
Cathles et al. [154] 0.9% 


Pétron et al. [57] 4.0% (mean, range =2.3-7.7%) 


Table 10 
Examples of induced earthquakes. 
Sources: [308]. 


4.3. Induced-earthquakes 


4.3.1. Fluid-induced earthquake 

Injection or extraction of fluid at depth alters the stresses and 
strains on the earth's crust, which can induce earthquakes. Below a 
few kilometers depth, the earth's crust is everywhere stressed. 
Those natural stresses put faults close to failure. The injection, 
which forces fluid along faults and fractures relieves the effective 
stress, triggering earthquakes more likely [96,307]. According to 
the USGS, some selected examples of human induced earthquakes, 
large enough to be felt and which may cause damage are shown in 
Table 10. 

A series of studies [42,65,117,309-312] indicate that the frack- 
ing drilling technique used to tap shale gas might cause earth- 
quake. As large volumes of fluid are injected during disposal, it 
may trigger large earthquakes inducing damage [117,308]. In 
addition to natural gas, the injection of wastewater into the 
subsurface can cause earthquakes [308,313]. 


4.3.2. Case study of hydraulic fracturing induced-large earthquakes 

USGS experts take a regional approach to explore changes in 
the rate of earthquake occurrence in the midcontinent (defined 
here as 85° to 108° West, 25° to 50° North) using the USGS 


Time Location Earthquake (magnitude) Causes 
2011 Youngstown, Ohio M4.0 Fluid injection 
2010-2011 Arkansas M4.7 Fluid injection 
2008-2009 Dallas Airport M3.3 Fluid injection 

Geysers Geothermal Field (M4.6), M4.6 Injection-enhanced production 

Italy and many others Lake Mead (M5), Koyna (M6.3), Water reservoirs 

Oroville (6.1) Tadjikistan 
1976-1984 Gazli, Uzbekistan, M7.2 Gas recovery 
1962-1966 Rocky Mountain Arsenal M5.3, 1967 Fluid injection 
1945-1995 Rangely, CO M49, 1995 Injection experiments 
Cotton Valley-Phase 1 Stage 2 
200 T r T 7 50 
— — flowrate bh pressure T 


T T 
< a. 
2 Z 
2 i 2 
Gi s 
fe 3 
= 435 £ 
E à 
23 
5 30 
8 9 
Time [h] 
400 r r x x x T 
350 event =—— = fracture opening triggering front D=3m3/s back front D=0.6-0.8m2/s 
E 
v 
v 
= 
e 
= 
pA 
A 


Time [h] 


Fig. 30. Hydraulic fracturing induced microseismicity at the Carthage Cotton Valley gas field (event location courtesy of James Rutledge). Top: borehole pressure (measured 
at the injection domain) and fluid flow rate. Bottom: r-t plot* of induced microseismic events (upper parabolic line is a diffusion type approximation of the triggering; lower 
lines — back fronts; straight lines — fracture opening and reopening and correspondingly, linear with time triggering fronts propagation). re = /4zDt *: corresponds to the 


upper bound of the cloud of events in the plot of r versus t (so-called r-t plot). 
Source: Ref. [67]. 


22 


Preliminary Determination of Epicenters and National Seismic 
Hazard Map catalogs. These catalogs appear to be complete for 
M (magnitude) > 3 since 1970. From 1970 through 2000, the rate 
of M>3 events averaged 21 + 7.6/year in the entire region. This 
rate increased to 29 + 3.5 from 2001 through 2008. In 2009, 2010 and 
2011, 50, 87 and 134 events occurred, respectively. They contend that 
the modest increase that began in 2001 is due to increased seismicity 
in the coal-bed methane field of the Raton Basin along the Colorado- 
New Mexico border west of Trinidad, Colorado. The acceleration in 
activity that began in 2009 appears to involve a combination of 
source regions of oil and gas production, including the Guy, Arkansas 
region, and in central and southern Oklahoma. In Oklahoma, the 
rate of M>3 events abruptly increased in 2009 from 1.2/year in the 
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previous half-century to over 25/year. This rate increase is exclusive of 
the November 2011 M 5.6 earthquake and its aftershocks. A naturally- 
occurring rate change of this magnitude is unprecedented outside of 
volcanic settings or in the absence of a main shock, which were not 
present in this region. USGS experts conclude these seismicity rate 
changes almost certainly manmade [314]. 

In addition, Frohlich et al. [311] examines seismograms and felt 
reports for the 25 April 2010 Alice, Texas, earthquake and explores 
its possible relationship with gas and oil production in the Stratton 
field. They conclude it is plausible, although not proven defini- 
tively, that production in the Stratton field contributed to the 
occurrence of this and an earlier, similar earthquake that occurred 
on 24 March 1997 [312]. 
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Fig. 32. Profile of possible health effects of chemicals with CAS numbers used in natural gas operations. 
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Fig. 31. Hydraulic fracturing induced microseismicity in Barnett Shale (data courtesy of Shawn Maxwell, Pinnacle Technologies). Top: borehole pressure (measured at the 
injection domain) and fluid flow rate. Middle and bottom: the r-t plot of induced microseismic events with different envelopes (in the middle - a diffusion type 
approximation of the triggering (t'/*); dashed line - a possible indication of a back front; bottom: a cubic root parabola (t'/*) better matching the data). Note: re = /4zDt: 
corresponds to the upper bound of the cloud of events in the plot of r versus t (so-called r-t plot). 


Source: Ref. [67]. 


Q Wang et al. / Renewable and Sustainable Energy Reviews 30 (2014) 1-28 23 


Table 11 
The best practices proposed by IEA. 
Source: [68]. 


Measure, disclose and engage 


Integrate engagement with local communities, residents and other stakeholders into each phase of a development, starting prior to exploration; provide sufficient 
opportunity for comment on plans, operations and performance, listen to concerns and respond appropriately and promptly 

Establish baselines for key environmental indicators, such as groundwater quality, prior to commencing activity, and continue monitoring during operations 
Measure and disclose operational data on water use, on the volumes and characteristics of waste water and on methane and other air emissions, alongside full, 


mandatory disclosure of fracturing fluid additives and volumes 


Minimize disruption during operations, taking a broad view of social and environmental responsibilities, and ensure that economic benefits are also felt by local 


communities 


Watch where you drill 


Choose well sites so as to minimize impacts on the local community, heritage, existing land use, individual livelihoods and ecology 

Properly survey the geology of the area to make smart decisions about where to drill and where to hydraulically fracture: assess the risk that deep faults or other 
geological features could generate earthquakes or permit fluids to pass between geological strata 

Monitor to ensure that hydraulic fractures do not extend beyond the gas-producing formations 


Isolate wells and prevent leaks 


Put in place robust rules on well design, construction, cementing and integrity testing as part of a general performance standard that gas bearing formations must be 
completely isolated from other strata penetrated by the well, in particular freshwater aquifers 
Consider appropriate minimum-depth limitations on hydraulic fracturing to underpin public confidence that this operation takes place only well away from the water 


table 


Take action to prevent and contain surface spills and leaks from wells, and to ensure that any waste fluids and solids are disposed of properly 


Treat water responsibly 


Reduce freshwater use by improving operational efficiency; reuse or recycle, wherever practicable, to reduce the burden on local water resources 


Store and dispose of produced and waste water safely 


Minimize use of chemical additives and promote the development and use of more environmentally benign alternatives 


Eliminate venting, minimize flaring and other emissions 


Target zero venting and minimal flaring of natural gas during well completion and seek to reduce fugitive and vented greenhouse-gas emissions during the entire 


productive life of a well 


Minimize air pollution from vehicles, drilling rig engines, pump engines and compressors 


Be ready to think big 


Seek opportunities for realising the economies of scale and co-ordinated development of local infrastructure that can reduce environmental impacts 
Take into account the cumulative and regional effects of multiple drilling, production and delivery activities on the environment, notably on water use and disposal, 


land use, air quality, traffic and noise 


Ensure a consistently high level of environmental performance 


Ensure that anticipated levels of unconventional gas output are matched by commensurate resources and political backing for robust regulatory regimes at the 
appropriate level, sufficient permitting and compliance staff, and reliable public information 
Find an appropriate balance in policy-making between prescriptive regulation and performance-based regulation in order to guarantee high operational standards 


while also promoting innovation and technological improvement 
Ensure that emergency response plans are robust and match the scale of risk 
Pursue continuous improvement of regulations and operating practices 


Recognize the case for independent evaluation and verification of environmental performance 


4.3.3. The evaluation of spatio-temporal dynamics of hydraulic 
fracturing induced microseismicity 

Propagation of a hydraulic fracture is accompanied by the 
creation of a new fracture volume, fracturing fluid loss and its 
infiltration into reservoir rocks as well as diffusion of injection 
pressure into the pore space of surrounding rocks and inside the 
hydraulic fracture. Some of these processes can be seen from features 
of spatio-temporal distributions of the induced microseismicity. 

During the initial phase of the hydraulic fracture growth, the 
process of the fracture opening is dominant. This can lead to a 
linear expansion of the triggering front over time. If the injection 
pressure drops, the fracture will close. A new injection of the 
treatment fluid leads to reopening of the fracture and thus, to 
resumption of the linear propagation of the triggering front. A 
long-term fluid injection leads to the domination of diffusional 
fluid loss processes. The growth of the fracture slows down. After 
termination of the fluid injection the seismicity is mainly triggered 
by the process of the pressure relaxation in the fractured domain. 
Correspondingly, the back front of the induced microseismicity can 
be observed. Fig. 30 shows an example of data demonstrating all 
the mentioned features of the induced seismicity during hydraulic 
fracturing [67]. 

Shapiro and Dinske estimated that microseismic features of 
hydraulic fracturing in Barnett Shale correspond to non-linear 
pressure diffusion in a medium with permeability very strongly 


enhanced by a fluid injection. It seems that the volumetric 
(possibly tensile) opening of preexisting fractures embedded 
into an extremely impermeable compliant matrix is the domi- 
nant mechanism controlling the dynamics of the induced micro- 
seismicity. This process can be denoted as a 3D volumetric 
hydraulic fracturing [67] (Fig. 31). 


4.4. Health impacts 


Public health was not brought into considerations for shale gas 
extraction at earlier stages. As a consequence, critical information 
about potential environmental and public health impact of the 
technology is lacking to address regulatory and public concerns 
especially for workers employed in the industry [15,123,315,316]. 
Although there is limited information on the health impacts of 
shale gas extraction [64,317,318], there is some evidences from 
studies in the US Midwest and Pennsylvania where drilling is 
taking place, [46,88]. Researchers are struggling to explore the 
potential health impacts of hydraulic fracturing. 

A study by Colborn et al. [64] identified 632 chemicals used in 
shale gas operations. Literature searches were conducted to 
determine potential health effects of the 353 chemicals identified 
by Chemical Abstract Service (CAS) numbers [64]. As shown in 
Fig. 32, more than 75% of the chemicals on the list can affect 
different organ systems in the body. More than 50% chemicals 
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indicate effects on the brain and nervous system. Health categories 
that reflect chronic and long-term damage comprise the middle 
portion of Fig. 32. These include the nervous system (52%), the 
immune system (40%), kidney (40%), and the cardiovascular 
system and blood (46%). More than 25% of the chemicals can 
cause cancer and genetic damage or mutations. Notably, 37% of the 
chemicals can affect the endocrine system that encompasses 
multiple organ systems including those critical for normal repro- 
duction and development. The category of “other” is more com- 
mon, and includes effects on weight, teeth, and bone and the 
ability of a chemical to cause death. These chemicals therefore can 
simultaneously express their toxicity in a varieties of way [174]. It 
also should be pointed out that more than 40% of the chemicals 
have been found to have ecological effects, indicating that they can 
harm aquatic and other wildlife which could impact environmen- 
tal sustainability (Fig. 32) 


5. Concluding remarks 


By using horizontal drilling and hydraulic fracturing technol- 
ogy, shale gas has grown rapidly from almost nothing at the 
beginning of this century to near 40% of natural gas production in 
2012. This astonishing surge has transformed the US energy 
scenarios. With the shale gas boom, US has moved in less than a 
decade from being one of the world's biggest importers of gas to 
being self-sufficient and even preparing to become an exporter. 
The boom also lowered the US domestic natural gas price. US 
domestic natural gas price in the first half of 2012 was approx. $2 
per million BTU, compared with Brent crude, the world benchmark 
price for oil, about $80-100/barrel, or $14-17 per million BTU. 
Partly because of an increase in gas-fired power generation in 
response to US low gas price, the fall of carbon emission from 
fossil-fuel combustion between 2006 and 2012 in US is more 
compared to any other country. 

Needless to say, extraction of natural gas from rock shale 
formation in the US has been an energy revolution. However, this 
revolution in its tracks would be curbed and even be halted, if the 
environmental risks posed is not managed effectively [42,68]. The 
technique uses lots of water, and can cause pollution in several 
ways. Fugitive methane during the entire process of exploration 
and production makes the effects of shale gas on climate change 
more controversial. Furthermore, fracking might induce earth- 
quakes. However, these risks can be managed by best practices 
[35,65,68], as proposed by the IEA (Table 11). 

Adoption of best practices could increase the cost of a typical 
well by about 7%. This is a small price to pay for the protection of 
environment and the health of a promising industry. In addition, 
this would still leave huge profits for the companies, as natural gas 
could be by far the fastest growing fuel, with overtaking coal as the 
US's second largest source of energy between 2010 and 2035 [143]. 
If the industry ignored the environmental concerns, the entire 
industry would be damaged. Indeed, some areas have suspended 
or even banned shale gas exploration. On May 16, 2012, Vermont 
Governor Peter Shumlin signed a bill to make it the first US state to 
ban the controversial hydraulic fracturing. “This bill will ensure 
that we do not inject chemicals into groundwater in a desperate 
pursuit for energy,” Shumlin said and called Vermont set an 
example for other states. Given that few natural gas resources in 
shale deposit of Vermont was discovered, its ban may be largely 
symbolic. But if other states follow the ban, it might be a big loss 
for the whole industry. This is not out of the realm of possibility. 
Other areas, including New Jersey and New York, have also issued 
moratoriums on new developments [68-72]. 

Best practices are currently being applied by some producers in 
some locations, but not by all producers in all locations [24,35,68,140]. 


Enforcing strong regulations is necessary to ensure broader adoption 
of these practices and to minimize risk to the environment. Robust 
regulatory oversight is an important ingredient to assure environ- 
mental and public protection. New stringent regulations are 
demanded to prevent loss of an historic opportunity to provide 
cheaper and cleaner energy to meet the world consumption, as well 
as to usher in the future growth of shale gas industry. 


References 


= 


Brooks D. Shale gas revolution. The New York Times; 2011. 

2] Jaffe AM. Shale gas will rock the world. The Wall Street Journal; 2010. 

3] Schnoor JL. Shale gas and hydrofracturing. Environmental Science & Tech- 

nology 20124686. 

4] EIA. Annual Energy Outlook 2011, With Projections to 2035. Washington DC: 

Energy Information Administration; 2011. 

5] Burke D. Exxon's Big Bet on Shale Gas. Fortune; 2012. 

6] Kerr RA. Natural gas from shale bursts onto the scene. Science 2010;328: 

1624-6. 

7] Yergin D., Ineson R. America's natural gas revolution. The Wall Street Journal; 

2009. 

8] Stevens P. The shale gas revolution: hype and reality. Chatham House Report. 

London: Chatham House; 2010. 

9] Economist. Shale gas, fracking great. The Economist; 2012. 

[10] Chazan G. Shale gas: terminal decline no longer. Financial Times; 2012. 

[11] Sutton R, Cox S, Barree R. Shale gas plays: a performance perspective. In: 
Proceedings of the tight gas completions conference. San Antonio, Texas; 
2010. 

[12] Wang Q, Chen X, Yi-chong X. Accident like the Fukushima unlikely in a 
country with effective nuclear regulation: literature review and proposed 
guidelines. Renewable and Sustainable Energy Reviews 2013;17:126-46. 

[13] Hughes JD. Energy: a reality check on the shale revolution. Nature 2013;494: 
307-8. 

[14] Wittcoff HA, Reuben BG, Plotkin JS. Appendix D: the importance of shale gas 
and shale oil. Industrial organic chemicals. New Jersey: John Wiley & Sons, 
Inc; 775-7. 

[15] Finkel M, Hays J, Law A. The shale gas boom and the need for rational policy. 
American Journal of Public Health 2013;103:1161-3. 

[16] Aucott ML, Melillo JM. A preliminary energy return on investment analysis of 
natural gas from the Marcellus shale. Journal of Industrial Ecology 2013:n/a- 
n/a. 

[17] Joskow PL. Natural gas: from shortages to abundance in the United States. 
American Economic Review 2013;103:338-43. 

[18] Ray JR. Shale gas: evolving global issue for the environment, regulation and 
energy security. LSU Journal of Energy Law and Resources 2013:2: Available 
at: http://works.bepress.com/jeffery_ray/3. 

[19] Kennedy R, Knecht W, Georgi D. Comparisons and contrasts of shale gas and 
tight gas developments, North American experience and trends. In: SPE 
Saudi Arabia Section Technical Symposium and Exhibition; 2012. 

[20] DOE. Modern shale gas development in the United States: a primer. 
Washington, DC: U.S. Department of Energy Office of Fossil Energy, National 
Energy Technology Laboratory; 2009. 

[21] IEA. Are we entering a golden age of gas? Paris: International Energy Agency; 
2011. 

[22] BP. BP statistical review of world energy (June 2011). London: BP; 2011. 

[23] Dweck J, Wochner D, Brooks M. Liquefied natural gas (LNG) litigation after 
the energy policy act of 2005: state powers in LNG terminal siting. Energy LJ 
2006;27:473. 

[24] Rogers H. Shale gas - the unfolding story. Oxford Review of Economic Policy 
2011;27:117-43. 

[25] IEA. Global carbon-dioxide emissions increase by 1.0 Gt in 2011 to record 
high. Paris: International Energy Agency; 2012. 

[26] Economist. America's falling carbon-dioxide emissions - some fracking good 
news. The Economist; 2012. 

[27] Wang Q, Chen X. Regulatory failures for nuclear safety - the bad example of 
Japan - implication for the rest of world. Renewable and Sustainable Energy 
Reviews 2012;16:2610-7. 

[28] NDRC. National Shale Gas Development Plan (2011-2015). Beijing: National 
Development and Reform Commission; 2012 ([in Chinese]). 

[29] Sharma R. India plans shale gas block auctions. The Wall Street Journal; 2012. 

[30] Pikulski L, Karnkowski PH, Wolnowski T. Petroleum geology of the Polish 
part of the Baltic region - an overview. Geological Quarterly 2010;54: 
143-58. 

[31] Cohen M. South Africa energy minister favors tapping shale-gas fields. 
Bloomberg; 2012. 

[32] Warner D. Shale gas in Australia: a great opportunity comes with significant 
challenges. Preview 2011;2011:18-21. 

[33] Olearchyk R., Chazan G. Ukraine opens shale gas reserves to exploration. 
Financial Times; 2012. 

[34] Schulz HM, Horsfield B, Sachsenhofer R. Shale gas in Europe: a regional 

overview and current research activities. London: Geological Society of 

London; 1079-85. 


Q Wang et al. / Renewable and Sustainable Energy Reviews 30 (2014) 1-28 25 


[35] Joint Report. Shale gas extraction in the UK: a review of hydraulic fracturing. 
London: The Royal Society and The Royal Academy of Engineering; 2012. 

[36] Wang Q. Effective policies for renewable energy - the example of China's 
wind power - lessons for China's photovoltaic power. Renewable and 
Sustainable Energy Reviews 2010;14:702-12. 

[37] EIA. World shale gas resources: an initial assessment of 14 regions outside 
the United States. Washington, DC: U.S. Department of Energy; 2011. 

[38] Ping W, Jiang R, Wang S. Lessons learned from North America and current 
status of unconventional gas exploration and exploitation in China. In: 
Proceedings of the SPE/EAGE European Unconventional Resources Confer- 
ence and Exhibition. Vienna, Austria; 2012. 

[39] Zhou Y. Shale gas fever develops as firms see a new gold rush. China Daily; 2012. 

[40] Hook L. China seeks to emulate US shale gas success. Financial Times; 2012. 

[41] Osborn SG, Vengosh A, Warner NR, Jackson RB. Methane contamination of 
drinking water accompanying gas-well drilling and hydraulic fracturing. In: 
Proceedings of the National Academy of Sciences. 2011;108:8172. 

[42] Kargbo DM, Wilhelm RG, Campbell DJ. Natural gas plays in the Marcellus 
shale: challenges and potential opportunities. Environmental Science & 
Technology 2010;44:5679-84. 

[43] Jiang M, Michael Griffin W, Hendrickson C, Jaramillo P, VanBriesen J, 
Venkatesh A. Life cycle greenhouse gas emissions of Marcellus shale gas. 
Environmental Research Letters 2011;6:034014. 

[44] Jarvie DM, Hill RJ, Ruble TE, Pollastro RM. Unconventional shale-gas systems: 
the Mississippian Barnett Shale of north-central Texas as one model for 
thermogenic shale-gas assessment. AAPG Bulletin 2007;91:475-99. 

[45] Martin T, Eid R. The potential pitfalls of using North American tight and shale 
gas development techniques in the North African and Middle eastern 
environment; 2011. 

[46] Schmidt CW. Blind rush? Shale gas boom proceeds amid human health 
questions Environmental Health Perspectives 2011;119:348-53. 

[47] Jackson R. Environmental dimensions of shale gas extraction and stray gas 
migration. Bulletin of the American Physical Society 2013:58. 

[48] Kight M, Siegel D. A protocol for characterize flowback water contamination 
to shallow waters from shale gas development; 2011. p. 76. 

[49] Saba T, Orzechowski M. Lack of data to support a relationship between 
methane contamination of drinking water wells and hydraulic fracturing. In: 
Proceedings of the National Academy of Sciences. 2011;108:E663-E. 

[50] Schon SC. Hydraulic fracturing not responsible for methane migration. 
Proceedings of the National Academy of Sciences. 2011;108:E664-E. 

[51] Wang Q, Chen X. Rethinking and reshaping the climate policy: literature 
review and proposed guidelines. Renewable and Sustainable Energy Reviews 
2013;21:469-77. 

[52] Vidic RD, Brantley SL, Vandenbossche JM, Yoxtheimer D, Abad JD. Impact of 
shale gas development on regional water quality. Science 2013:340: 
1235009-1-9. 

[53] Olmstead SM, Muehlenbachs LA, Shih J-S, Chu Z, Krupnick AJ. Shale gas 
development impacts on surface water quality in Pennsylvania. Proceedings 
of the National Academy of Sciences 2013;110:4962-7. 

[54] Jackson RB, Vengosh A, Darrah TH, Warner NR, Down A, Poreda RJ, et al. 
Increased stray gas abundance in a subset of drinking water wells near 
Marcellus shale gas extraction. Proceedings of the National Academy of 
Sciences 2013;110:11250-5. 

[55] Shaffer DL, Arias Chavez LH, Ben-Sasson M, Romero-Vargas Castrillón S, Yip 
NY, Elimelech M. Desalination and reuse of high-salinity shale gas produced 
water: drivers, technologies, and future directions. Environmental Science & 
Technology 2013;47:9569-83. 

[56] Lutz BD, Lewis AN, Doyle MW. Generation, transport, and disposal of 
wastewater associated with Marcellus Shale gas development. Water 
Resources Research 2013;49:647-56. 

[57] Pétron G, Frost G, Miller BR, Hirsch AI, Montzka SA, Karion A, et al. Hydrocarbon 
emissions characterization in the Colorado Front Range: a pilot study. Journal of 
Geophysical Research 2012:117:D04304. 

[58] Wigley T. Coal to gas: the influence of methane leakage. Climatic Change 
2011;108:601-8. 

[59] Lu X, Salovaara J, McElroy MB. Implications of the recent reductions in 
natural gas prices for emissions of CO2 from the US power sector. Environ- 
mental Science & Technology 2012;46:3014-21. 

[60] Burnham A, Han J, Clark CE, Wang M, Dunn JB, Palou-Rivera I. Life-cycle 
greenhouse gas emissions of shale gas, natural gas, coal, and petroleum. 
Environmental Science & Technology 2011;46:619-27. 

[61] Weber CL, Clavin C. Life cycle carbon footprint of shale gas: review of 
evidence and implications. Environmental Science & Technology 
2012;46:5688-95. 

[62] Dale AT, Khanna V, Vidic RD, Bilec MM. Process based life-cycle assessment 
of natural gas from the Marcellus shale. Environmental Science & Technology 
2013;47:5459-66. 

[63] Finkel ML, Law A. The rush to drill for natural gas: a public health cautionary 
tale. Journal Information 2011;101:784-5. 

[64] Colborn T, Kwiatkowski C, Schultz K, Bachran M. Natural gas operations from 
a public health perspective. Human and Ecological Risk Assessment: An 
International Journal 2011;17:1039-56. 

[65] Zoback M, Kitasei S, Copithorne B. Addressing the environmental risks from 
shale gas development. Washington, DC: Worldwatch Institute; 2010. 

[66] Vermylen J, Zoback M. Hydraulic fracturing, microseismic magnitudes, and 
stress evolution in the barnett shale, Texas, USA. In: Proceedings of the SPE 
Hydraulic Fracturing Technology Conference. The Woodlands, Texas; 2011. 


[67] Shapiro SA, Dinske C. Fluid-induced seismicity: Pressure diffusion and 
hydraulic fracturing. Geophysical Prospecting 2009;57:301-10. 

[68] IEA. Golden rules for a golden age of gas. Paris: International Energy Agency; 
2012. 

[69] Clark P. IEA warns on shale gas rules. Financial Times; 2012. 

[70] Andrew Chow J. Vermont bans fracking, citing injury concerns. REUTERS; 
2012. 

[71] Jones N. United States investigates fracking safety. Nature 2012. http://dx.doi. 
org/10.1038/news.2011.282. 

[72] EPA. In oil and natural gas sector: new source performance standards and 
national emission standards for hazardous air pollutants reviews. Washing- 
ton, DC: U.S. Environmental Protection Agency; 52738-843. 

[73] Wang Q. China needs workers more than academics. Nature 2013;499: 
381. 

[74] EIA. U.S. crude oil, natural gas, and natural gas liquids reserves - 1998 annual 
report. Washington DC: The U.S. Energy Information Administration Agency; 
1999. 

[75] EIA. Annual Energy Outlook 2010. Washington D.C.: U.S. Energy Information 
Administration; 2006. 

[76] EIA. Short-term energy outlook supplement: U.S. LNG imports - the next 
wave. Washington D.C.: U.S. Energy Information Administration; 2007. 

[77] EIA. U.S. carbon dioxide emissions in 2009: a retrospective review. Washing- 
ton DC: U.S. Energy Information Administration; 2010. 

[78] EIA. Review of emerging resources: U.S. shale gas and shale oil plays. 
Washington, DC: U.S. Department of Energy; 2011. 

[79] EIA. Energy Timelines - Natural Gas; 2012. 

[80] EIA. U.S. natural gas imports/exports by country; 2012. 

[81] EIA. Natural gas prices near 10-year low amid mild weather, higher supplies in 
winter 2011-12. Washington DC: U.S. Energy Information Administration; 2012. 

[82] EIA. Monthly energy review June 2012. Washington D.C.: U.S. Energy 
Information Administration; 2012. 

[83] Siliverstovs B, L'Hégaret G, Neumann A, Von Hirschhausen C. International 
market integration for natural gas? A cointegration analysis of prices in 
Europe, North America and Japan Energy Economics 2005;27:603-15. 

[84] Soeder DJ. Porosity and permeability of eastern Devonian gas shale. SPE 
Formation Evaluation 1988;3:116-24. 

[85] Spanjer A. Russian gas price reform and the EU - Russia gas relationship: 
Incentives, consequences and European security of supply. Energy Policy 
2007;35:2889-98. 

[86] Stephenson T, Valle JE, Riera-Palou X. Modeling the relative GHG emissions 
of conventional and shale gas production. Environmental Science & Tech- 
nology 2011;45:10757-64. 

[87] Stern J. Continental European long-term gas contracts: is a transition away 
from oil product-linked pricing inevitable and imminent. London: Oxford 
Institute for Energy Studies; 2009. 

[88] Thompson H. Fracking boom spurs environmental audit. Nature 2012:485. 

[89] Tollefson J. Air sampling reveals high emissions from gas field. Nature 
2012:482:139-140. 

[90] Townsend-Small A, Tyler SC, Pataki DE, Xu X, Christensen LE. Isotopic 
measurements of atmospheric methane in Los Angeles, California, USA: 
influence of fugitive fossil fuel emissions. Journal of Geophysical Research 
2012;117:D07308. 

[91] Tsoskounoglou M, Ayerides G, Tritopoulou E. The end of cheap oil: current 
status and prospects. Energy Policy 2008;36:3797-806. 

[92] Warner NR, Jackson RB, Darrah TH, Osborn SG, Down A, Zhao K, et al. 
Geochemical evidence for possible natural migration of Marcellus formation 
brine to shallow aquifers in Pennsylvania. Proceedings of the National 
Academy of Sciences 2012;109:11961-6. 

[93] Weber JG. The effects of a natural gas boom on employment and income in 
Colorado, Texas, and Wyoming. Energy Economics 2011;34:1580-8. 

[94] Whitaker S. Flow in porous media I: a theoretical derivation of Darcy's law. 
Transport in Porous Media 1986;1:3-25. 

[95] Zivot E, Andrews DWK. Further evidence on the great crash, the oil-price 
shock, and the unit-root hypothesis. Journal of Business and Economic 
Statistics 2002;20:25-44. 

[96] Zoback MD, Harjes H-P. Injection-induced earthquakes and crustal stress at 
9km depth at the KTB deep drilling site, Germany. Journal of Geophysical 
Research 1997;102:18477-91. 

[97] Wang Q, Zhang X, Yang D, Yang Z, Tang H, Wang F. Improved administrative 
system to ensure China's nuclear security. Environmental Science & Tech- 
nology 2011;45:4666-7. 

[98] Wang Q. Prevention of Tibetan eco-environmental degradation caused by 
traditional use of biomass. Renewable and Sustainable Energy Reviews 2009;13: 
2562-70. 

[99] Deutch J. The good news about gas, the natural gas revolution and its 
consequences. Foreign Affairs 2012;90:82-93. 

[100] Adelman J. Freeport Signs LNG-Export Agreement With Osaka Gas, Chubu. 
Bloomberg Businessweek; 2012. 

[101] Chazan G. Shale gas boom leads to sharp drop in US carbon emissions. 
Financial Times; 2012. 

[102] Crooks E. Export of US LNG wins final approval. Financial Times; 2012. 

[103] Gilbert D. Chemical makers ride gas boom. The Wall Street Journal; 2012. 

[104] IEA. CO emissions from fuel combustion. 2011 ed. Paris: International 
Energy Agency; 2011. 

[105] IEA. Medium-Term gas market report 2012. Paris: International Energy 
Agency; 2012. 


26 Q Wang et al. / Renewable and Sustainable Energy Reviews 30 (2014) 1-28 


[106] IHS. The economic and employment contributions of shale gas in the United 
States. Washington DC: IHS Global Insight (USA) Inc.; 2011. 

[107] Bilgin M. Geopolitics of European natural gas demand: supplies from Russia, 
Caspian and the Middle East. Energy Policy 2009;37:4482-92. 

[108] Broderick J, Anderson K, Wood R, Gilbert P, Sharmina M, Footitt A, et al. 
Shale gas: an updated assessment of environmental and climate change 
impacts. Manchester: The Tyndall Centre, University of Manchester; 2011. 

[109] Friends of the Earth. Shale gas: energy solution or fracking hell? London: 
Friends of the Earth; 2012. 

[110] Guarnone M, Rossi F, Negri E, Grassi C, Genazzi D, Zennaro R. An unconven- 
tional mindset for shale gas surface facilities. Journal of Natural Gas Science 
and Engineering 2012;6:14-23. 

[111] KPMG. Shale gas - a global perspective. The KPMG Global Energy Institute; 
012 


[112] Medlock III KB, Jaffe AM, Hartley PR. Shale Gas and US National Security. 
Houston: James A. Baker III Institute for Public Policy, Rice University; 2011. 

[113] Revised draft supplemental generic environmental impact statement on the 
oil, gas and solution mining regulatory program. New York: New York State 
Department of Environmental Conservation; 2011. 

[114] Rahm D. Regulating hydraulic fracturing in shale gas plays: the case of Texas. 
Energy Policy 2011;39:2974-81. 

[115] Ridley M. The shale gas shock. London: The Global Warming Policy Founda- 
tion; 2011. 

[116] Salovaara J. Coal to natural gas fuel switching and COz emissions reduction. 
Cambridge, Massachusetts: Harvard College; 2011. 

[117] Pearson C. The relationship between microseismicity and high pore pressures 
during hydraulic stimulation experiments in low permeability granitic rocks. 
Journal of Geophysical Research 1981;86:7855-64. 

[118] Peebles MWH. Evolution of the gas industry; 1980. 

[119] Perron P. The great crash, the oil price shock, and the unit root hypothesis. 
Econometrica: Journal of the Econometric Society 1989:1361-401. 

[120] Pickett A. Technologies, methods reflect industry quest to reduce drilling 
footprint. The American Oil and Gas Reporter July; 2010. 

[121] Podesta JD, Wirth TE. Natural gas - a bridge fuel for the 21st Century. Center 
for American progress and energy future coalition paper; 2009. 

[122] Prins G, Rayner S. Time to ditch Kyoto. Nature 2007;449:973-5. 

[123] Rafferty MA, Limonik E. Is shale gas drilling an energy solution or public 
health crisis? Public Health Nursing 2013;30:454-62. 

[124] Rahm BG, Bates JT, Bertoia LR, Galford AE, Yoxtheimer DA, Riha SJ. Waste- 
water management and Marcellus Shale gas development: trends, drivers, 
and planning implications. Journal of Environmental Management 2013;120: 
105-13. 

[125] Rahm BG, Riha SJ. Toward strategic management of shale gas development: 
regional, collective impacts on water resources. Environmental Science & 
Policy 2012;17:12-23. 

[126] Regnier E. Oil and energy price volatility. Energy Economics 2007;29:405-27. 

[127] Robb D. Shale gas: a gamechanger. Turbomachinery International 
2010;51:16-8. 

[128] Roeder JL. What we learned from the oil crisis of 1973: a 30-year retro- 
spective. Bulletin of Science, Technology & Society 2005;25:166-79. 

[129] Rozell DJ, Reaven SJ. Water pollution risk associated with natural gas 
extraction from the Marcellus shale. Risk Analysis 2012;32:1382-93. 

[130] Schmoker JW. Resource-assessment perspectives for unconventional gas 
systems. AAPG Bulletin 2002;86:1993-9., 

[131] Schnoor JL. Regulate, baby, regulate. Environmental Science & Technology 
2010;44:6524-5. 

[132] Asche F, Oglend A, Osmundsen P. Gas versus oil prices the impact of shale 
gas. Energy Policy 2012;47:117-24. 

[133] Weinstein A, Partridge M. The economic value of shale natural gas in Ohio. 
Ohio: The State Ohio University; 2011. 

[134] White Paper, US shale gas - an unconventional resource, unconventional 
challenge. Halliburton; 2008. 

[135] Rachman G. Shale gas will change the world. Financial Times; 2010. 

[136] Rascoe A. US lawmakers press DOE to speed LNG export review. Reuters; 
2012. 

[137] Urbina I. Drilling down regulation lax as gas wells tainted water hits rivers. 
The New York Times; 2011. 

[138] Webber J. Argentina poised for shale oil and gas boom. Financial Times; 


[139] Xinhua. China starts pilot reform on natural gas pricing. China Daily 2011. 

[140] Yergin D. America's new energy reality. The New York Times; 2012. 

[141] EIA. Annual energy review 2010. Washington DC.: U.S. Energy Information 
Administration; 2011. 

[142] EIA. Electric power annual 2010. Washington DC.: U.S. Energy Information 
Administration; 2011. 

[143] EIA. Annual energy outlook 2012. Washington DC: US Energy Information 
Administration; 2012. 

[144] EIA. AEO2012 Early Release Overview. Washington D C: US Energy Informa- 
tion Administration; 2012. 

[145] ENVI. Impacts of shale gas and shale oil extraction on the environment and 
on human health Brussels: European Parliament's Committee on Environ- 
ment, Public Health and Food Safety; 2011. 

[146] EPA. Hydraulic fracturing fluids evaluation of impacts to underground 
sources June 2004 of drinking water by hydraulic fracturing of coalbed 
methane reservoirs. Washington, DC: US Environmental Protection Agency; 
2004 [Chapter 4]. 


[147] EPA. Greenhouse gas emissions reporting from the petroleum and natural gas 
industry, Background Technical Support Document. Washington DC: US 
Environmental Protection Agency; 2010. 

[148] Alvarez RA, Pacala SW, Winebrake JJ, Chameides WL, Hamburg SP. Greater 
focus needed on methane leakage from natural gas infrastructure. Proceed- 
ings of the National Academy of Sciences 2012;109:6435-40. 

[149] Ames R, Corridore A, Ephross III JN, EAH, MacAvoy PW, Tavelli R. The 
arithmetic of shale gas. New Haven, Connecticut: Yale Graduates in Energy 
Study Group; 2012. 

[150] AnInterdisciplinaryMITStudy. The future of natural gas. Massachusetts: 
Massachusetts Institute for Technology; 2011. 

[151] Arthur J, Bohm B, Coughlin BJ, Layne M, Cornue D. Evaluating the environ- 
mental implications of hydraulic fracturing in shale gas reservoirs. In: 
Proceedings of the SPE Americas E&P Environmental and Safety Conference. 
San Antonio, Texas; 2009. 

[152] Biederman N, Fay J, McClinton M, Whelan M. Research and development in 
natural gas transmission and distribution. Washington, DC: American Gas 
Foundation; 2007. 

[153] Brown S, Krupnick A. Abundant shale gas resources: long-term implications 
for US natural gas markets. Washington D.C.: Resources for the Future; 2010. 

[154] Cathles L, Brown L, Taam M, Hunter A. A commentary on the greenhouse-gas 
footprint of natural gas in shale formations. Climatic Change 2012;113: 
525-35. 

[155] CNPC. Progress of exploration and development of shale gas in China. Beijing: 
China National Petroleum Corporation; 2010 [in Chinese]. 

[156] David G, Lombardi TE, Martin JP. Fractured shale gas potential in New York. 
Northeastern Geology and Environmental Sciences 2004;26:57-78. 

[157] Davies RJ. Methane contamination of drinking water caused by hydraulic 
fracturing remains unproven. Proceedings of the National Academy of 
Sciences. 2011;108:E871-E. 

[158] De Bock R, Gijon JG. Will natural gas prices decouple from oil prices across 
the pond? International Monetary Fund; 2011. 

[159] Deutch PJ. Energy independence. Foreign Policy 2005:20-5. 

[160] DiPeso J. Natural gas: fueling our future? Environmental Quality Manage- 
ment 2011;21:97-104. 

[161] Dobbs R, Oppenheim J, Thompson F. Mobilizing for a resource revolution. 
McKinsey Quarterly 2012;1:1-15. 

[162] Bove FJ, Fulcomer MC, Klotz JB, Esmart J, Dufficy EM, Savrin JE. Public 
drinking water contamination and birth outcomes. American Journal of 
Epidemiology 1995;141:850-62. 

[163] Howarth RW, Santoro R, Ingraffea A. Methane and the greenhouse-gas 
footprint of natural gas from shale formations. Climatic Change 2011:1-12. 

[164] Howarth RW, Santoro R, Ingraffea A. Venting and leaking of methane from 
shale gas development: response to Cathles et al. Climatic Change 2012:1-13. 

[165] Wiedmann T, Minx J. A definition of ‘carbon footprint’. In: Pertsova CC, editor. 
Ecological economics research trends. New York: Nova Science Publishers; 
2008. p. 1-11. 

[166] Jacoby HD, O'Sullivan FM, Paltsev S. The influence of shale gas on US energy 
and environmental policy. Economics of Energy & Environmental Policy 
2011;1:37-51. 

[167] Gregory KB, Vidic RD, Dzombak DA. Water management challenges asso- 
ciated with the production of shale gas by hydraulic fracturing. Elements 
2011;7:181-6. 

[168] Li J, Dong X, Shangguan J, Hook M. Forecasting the growth of China's natural 
gas consumption. Energy 2011;36:1380-5. 

[169] Holzman DC. Methane found in well water near fracking sites. Environmental 
Health Perspectives 2011;119:a289. 

[170] Fry M, Hoeinghaus DJ, Ponette-Gonzdlez AG, Thompson R, La Point TW. 
Fracking vs faucets: balancing energy needs and water sustainability at urban 
frontiers. Environmental Science & Technology 2012;46:7444-5. 

[171] Laurenzi IJ, Jersey GR. Life cycle greenhouse gas emissions and freshwater 
consumption of Marcellus shale gas. Environmental Science & Technology 
2013;47:4896-903. 

[172] Matthews HS, Hendrickson CT, Weber CL. The importance of carbon footprint 
estimation boundaries. Environmental Science & Technology 2008;42: 
5839-42. 

[173] Dallas LJ, Bean TP, Turner A, Lyons BP, Jha AN. Oxidative DNA damage may 
not mediate Ni-induced genotoxicity in marine mussels: assessment of 
genotoxic biomarkers and transcriptional responses of key stress genes. 
Mutation Research/Genetic Toxicology and Environmental Mutagenesis 
2013;754:22-31. 

[174] Jha AN. Ecotoxicological applications and significance of the comet assay. 
Mutagenesis 2008;23:207-21. 

[175] Jha AN. Genotoxicological studies in aquatic organisms: an overview. Muta- 
tion Research/Fundamental and Molecular Mechanisms of Mutagenesis 
2004;552:1-17. 

[176] Wang Q, Chen X, Xu Y-C. Pollution protests: green issues are catching on in 
China. Nature 2012;489:502. 

[177] Wang Q. China's environmental civilian activism. Science 2010;328:824. 

[178] MNP. Three main sources of unconventional gas; 2012. 

[179] What is shale gas? The Centre for Global Energy Studies; 2010. 

[180] Perry K, Lee J. Unconventional gas reservoirs—tight gas, coal seams, and 
shales. Texas: The National Petroleum Council; 2007. 

[181] Coleman Jr JL. Tight-gas sandstone reservoirs: the 200-year path from 
unconventional to conventional gas resource and beyond. Tulsa, Oklahoma: 
SEPM; 6-8. 


Q Wang et al. / Renewable and Sustainable Energy Reviews 30 (2014) 1-28 27 


[182] Law BE, Curtis J. Introduction to unconventional petroleum systems. AAPG 
Bulletin 2002;86:1851-2. 

[183] USGS. Unconventional (Continuous) petroleum sources; 2012. 

[184] Ghosh TK, Prelas MA. Energy resources and systems: volume 1: fundamen- 
tals and non-renewable resources. Berlin: Springer; 2009. 

[185] USGS. Natural gas production in the United States. U.S. Geological Survey; 
2002. 

[186] Amano Y. Introductory Statement to Board of Governors; 2011. 

[187] EIA. Energy in Brief - what is shale gas and why is it important; 2012. 

[188] Dickens GR, Quinby-Hunt MS. Methane hydrate stability in seawater. 
Geophysical Research Letters 1994;21:2115-8. 

[189] Gidley JL. Recent advances in hydraulic fracturing. Richardson, Texas: Society 
of Petroleum Engineers; 1989. 

[190] EPA. Hydraulic Fracturing Background Information. US Environmental Pro- 
tection Agency ed; 2012. 

[191] Sawyer Ha. Impact assessment of natural gas production in the New York City 
water supply watershed. New York: Hazen and Sawyer Environmental 
Engineers & Scientists; 2009. 

[192] Fjær E, Holt RM, Horsrud P, Raaen AM, Risnes R. Mechanics of hydraulic 
fracturing. In: Fjær E, RMHPHAMR, Risnes R, editors. Developments in 
petroleum science. Elsevier; 2008. p. 369-90([Chapter 11]). 

[193] Shale gas fracking - the facts and figures. The Guardian; 2012. 

[194] What is hydraulic fracturing? PROPUBLICA; 2012. 

[195] Hoffert MI, Caldeira K, Benford G, Criswell DR, Green C, Herzog H, et al. 
Advanced technology paths to global climate stability: energy for a green- 
house planet. Science 2002;298:981-7. 

[196] Wang Q, Chen Y. Status and outlook of China's free-carbon electricity. 
Renewable and Sustainable Energy Reviews 2010;14:1014-25. 

[197] Biermann F, Brohm R. Implementing the Kyoto Protocol without the USA: the 
strategic role of energy tax adjustments at the border. Climate Policy 
2004;4:289-302. 

[198] Farrell AE, Plevin RJ, Turner BT, Jones AD, O'hare M, Kammen DM. Ethanol 
can contribute to energy and environmental goals. Science 2006;311: 
506-8. 

[199] Kobos PH, Erickson JD, Drennen TE. Technological learning and renewable 
energy costs: implications for US renewable energy policy. Energy Policy 
2006;34:1645-58. 

[200] Wang Q. China's citizens must act to save their environment. Nature 
2013;497:159. 

[201] Kilian L. Not all oil price shocks are alike: disentangling demand and supply 
shocks in the crude oil market. American Economic Review 2009;99: 
1053-69. 

[202] Hamilton JD. Oil and the macroeconomy since World War II. Journal of 
Political Economy 1983;91:228-48. 

[203] McDowall W, Eames M. Forecasts, scenarios, visions, backcasts and road- 
maps to the hydrogen economy: a review of the hydrogen futures literature. 
Energy Policy 2006;34:1236-50. 

[204] Huang AYH, Cheng CM, Chen CC, Hu WC. Oil prices and stock prices of 
alternative energy companies: time varying relationship with recent evi- 
dence. JEL: Q43 - Energy and the Macroeconomy. P28; G10. 

[205] Henriques I, Sadorsky P. Oil prices and the stock prices of alternative energy 
companies. Energy Economics 2008;30:998-1010. 

[206] Curtis JB. Fractured shale-gas systems. AAPG Bulletin 2002;86:1921-38. 

[207] Cleveland CJ. Net energy from the extraction of oil and gas in the United 
States. Energy 2005;30:769-82. 

[208] Bowker KA. Barnett shale gas production, Fort Worth Basin: issues and 
discussion. AAPG Bulletin 2007;91:523-33. 

[209] Montgomery SL, Jarvie DM, Bowker KA, Pollastro RM. Mississippian Barnett 
Shale, Fort Worth basin, north-central Texas: gas-shale play with multi- 
trillion cubic foot potential. AAPG Bulletin 2005;89:155-75. 

[210] Wang Q. Nuclear safety lies in greater transparency. Nature 2013;494:403. 

[211] NERL. Shale gas: applying technology to slove America's energy challenges. 
The National Energy Technology Laboratory; 2011. 

[212] Loucks RG, Ruppel SC. Mississippian Barnett Shale: lithofacies and deposi- 
tional setting of a deep-water shale-gas succession in the Fort Worth Basin, 
Texas. AAPG Bulletin 2007;91:579-601. 

[213] DCNR. Eastern Gas Shales Project from Department of Conservation and 
Natural Resources of Pennsylvania 1979. 

[214] Wang Q. China has the capacity to lead in carbon trading. Nature 2013;493: 
273; 

[215] Kvenvolden KA. Gas hydrates - geological perspective and global change. 
Reviews of Geophysics 1993;31:173-87. 

[216] Kutchin JW. How Mitchell Energy & Development Corp. got its start and 
how it grew: an oral history and narrative overview. Florida: Universal- 
Publishers; 2001. 

[217] Gardner GHF, Canning AHF. Effects of irregular sampling on 3-D prestack 
migration; 1994. 

[218] Wang Q, Chen X, Yang D. Remaking the International Atomic Energy Agency. 
Environmental Science & Technology 2012;46:587-8. 

[219] Becchetti L., Di Giacomo S., Pinnacchio D. Corporate social responsibility and 
corporate performance: evidence from a panel of US listed companies. CEIS 
Working Paper no. 78; 2005. 

[220] NREL. DOE's early investment in shale gas technology producing results 
today; 2011. 

[221] Martineau DF. History of the Newark East field and the Barnett Shale as a gas 
reservoir. AAPG Bulletin 2007;91:399-403. 


[222] Wang Q, Chen X. China's electricity market-oriented reform: from an 
absolute to a relative monopoly. Energy Policy 2012;51:143-8. 

[223] Owen NA, Inderwildi OR, King DA. The status of conventional world oil 
reserves — Hype or cause for concern? Energy Policy 2010;38:4743-9. 

[224] Heinberg R, Fridley D. The end of cheap coal. Nature 2010;468:367-9. 

[225] Kilian L, Lewis LT. Does the fed respond to oil price shocks? Economic Journal 
2011;121:1047-72. 

[226] Wang Q. Time for commercializing non-food biofuel in China. Renewable and 
Sustainable Energy Reviews 2011;15:621-9. 

[227] The Perryman Group. Bounty from below: the impact of developing natural 
gas resources associated with the Barnett Shale on business activity in Fort 
Worth and the surrounding 14-County Area. Waco, Texas: The Perryman 
Group; 2007. 

[228] EIA. U.S. natural gas marketed production. Washington DC: U.S. Energy 
Information Administration; 2012. 

[229] Newell R. Shale Gas and the outlook for U.S. natural gas markets and global 
gas resources. Paris: Organization for Economic Cooperation and Develop- 
ment (OECD); 2011. 

[230] Osmundsen P., Lindbäck M.E., Oglend A. Shale gas and the relationship between 
the US natural gas, Liquefied Petroleum Gases and Oil Markets; 2013. 

[231] Sissine F. Energy Independence and Security Act of 2007: a summary of 
major provisions. DTIC Document; 2007. 

[232] Yergin D. Ensuring energy security. Foreign Affairs 2006;85:69-82. 

[233] Wang Q, Chen Y. Barriers and opportunities of using the clean development 
mechanism to advance renewable energy development in China. Renewable 
and Sustainable Energy Reviews 2010;14:1989-98. 

[234] Wang Q, Qiu H-N, Kuang Y. Market-driven energy pricing necessary to 
ensure China's power supply. Energy Policy 2009;37:2498-504. 

[235] Bardi U. Peak oil: the four stages of a new idea. Energy 2009;34:323-6. 

[236] EIA. U.S. net imports by country. Washington DC: U.S. Energy Information 
Administration; 2012. 

[237] NGI. North American LNG Import Terminals; 2004. 

[238] Grubb M, Yamin F. Climatic collapse at The Hague: what happened, why, and 
where do we go from here? 2001;77:261-76International Affairs 2001;77: 
261-76. 

[239] Trembath A. Coal rising in Europe while gas eyes the throne in the US. 
California: The Breakthrough Institute; 2012. 

[240] IEA. Redrawing the energy-climate map. Paris: International Energy Agency; 
2013. 

[241] EIA. US annual carbon emission - 2012. Washington D.C.: U.S. Energy 
Information Administration; 2013. 

[242] EIA. Electric power monthly (data for May 2013). Washington D.C.: U.S. 
Energy Information Administration; 2013. 

[243] Watts A. USA CO emissions may drop to 1990 levels this year. (http:// 
wattsupwiththat.com/2012/07/02/us-co2-emissions-may-drop-to-1990-le 
vels-this-year/). 

[244] Brown S. Natural gas pricing: do oil prices still matter? Southwest Economy 
2005:9-11. 

[245] Panagiotidis T, Rutledge E. Oil and gas markets in the UK: evidence from a 
cointegrating approach. Energy Economics 2007;29:329-47. 

[246] Villar JA, Joutz F. The relationship between crude oil and natural gas prices. 
Washington D.C.: U.S. Energy Information Administration; 2006. 

[247] Commodity Markets. World Bank; 2013. 

[248] Kunstler JH. The long emergency: surviving the end of oil, climate change, 
and other converging catastrophes of the twenty-first century: Grove Pr; 
2006. 

[249] Chiou Wei SZ, Zhu Z. Commodity convenience yield and risk premium 
determination: the case of the US natural gas market. Energy Economics 
2006;28:523-34. 

[250] EIA. U.S. dry natural gas production growth levels off following decline in natural 
gas prices. Washington DC: U.S. Energy Information Administration; 2012. 

[251] EIA. Natural gas price. Washington DC: U.S. Energy Information Administra- 
tion; 2012. 

[252] EIA. Natural gas consumption by end use Washington DC: U.S. Energy 
Information Administration; 2012. 

[253] IEA. World energy outlook 2011. Paris: International Energy Agency; 2011. 

[254] Meyer G. LNG: US weighs the cost of gas exports to economy. Financial 
Times; 2012. 

[255] Herron J, Flynn A, Williams S Energy firms face price divide. The Wall Street 
Journal; 2012. 

[256] Lefebvre B, Sweet C. Cheniere wins U.S. approval for natural gas export 
facility. The Wall Street Journal; 2012. 

[257] FREEPORT LNG signs 20-year liquefaction tolling agreements with OSAKA 
GAS and CHUBU ELECTRI; 2012. 

[258] Cornot-Gandolphe S. LNG cost reductions and flexibility in LNG trade add to 
security of gas supply. IEA: Energy Prices and Taxes, Quarterly Statistics First 
Quarter; 2005. 

[259] Considine T, Watson R, Entler R, Sparks J. An emerging giant: prospects and 
economic impacts of developing the Marcellus shale natural gas play. 
Pennsylvania Department of Energy and Mineral Engineering, College of 
Earth and Mineral Sciences, The Pennsylvania State University; 2009. 

[260] Kinnaman TC. The economic impact of shale gas extraction: a review of 
existing studies. Ecological Economics 2011;70:1243-9. 

[261] CBER. Projecting the economic impact of the Fayetteville shale play for 2008- 
2012. Arkansas: Center for Business and Economic Research of the University 
of Arkansas; 2008. 


28 Q Wang et al. / Renewable and Sustainable Energy Reviews 30 (2014) 1-28 


[262] Considine T, Watson R, Blumsack S. The economic impacts of the Pennsylva- 
nia Marcellus shale gas play: an update. Pennsylvania: Department of Energy 
and Mineral Engineering, College of Earth and Mineral Sciences, The 
Pennsylvania State University; 2010. 

[263] The Perriman Group. An enduring resource: a perspective on the past, 
present, and future contribution of the Barnett Shale to the economy of fort 
worth and the surrounding area. Waco, Texas: The Perriman Group; 2009. 

[264] Scott LC. The economic impact of the Haynesville shale on the Louisiana 
economy in 2008. Louisiana: The Louisiana Department of Natural Resources; 
2009. 

[265] Achilladelis B, Schwarzkopf A, Cines M. The dynamics of technological 
innovation: the case of the chemical industry. Research Policy 1990;19:1-34. 

[266] Swift TK, Moore MG, Sanchez E. Shale gas and new petrochemicals invest- 
ment: benefits for the economy, jobs, and US manufacturing. Washington D. 
C.: Economics & Statistics, American Chemistry Council; 2011. 

[267] American Chemistry Council. American chemistry council President Cal 
Dooley links natural gas prices to industry competitiveness in broadcast 
interview; 2012. 

[268] Payne J, Donati J. U.S. shale gas boom brings bad news for Europe's oil 
refiners. Reuters; 2012. 

[269] Orbach RL. Assessing the real and perceived consequences of shale gas 
development. Austin, Texas: Energy Institute, The University of Texas; 2012. 

[270] Soeder DJ, Kappel WM, Survey G. Water resources and natural gas produc- 
tion from the Marcellus Shale: US Department of the Interior, US Geological 
Survey; 2009. 

[271] Waxman HA, Markey EJ, DeGette D. Chemicals used in hydraulic fracturing. 
In: United States House of Representatives COEAC, Minority Staff editor. 
Washington D.C.; 2011. 

[272] Entrekin S, Evans-White M, Johnson B, Hagenbuch E. Rapid expansion of 
natural gas development poses a threat to surface waters. Frontiers in 
Ecology and the Environment 2011;9:503-11. 

[273] Hou D, Luo J, Al-Tabbaa A. Shale gas can be a double-edged sword for climate 
change. Nature Climate Change 2012;2:385-7. 

[274] Howarth RW, Ingraffea A. Should fracking stop? Yes, it is too high risk Nature 
2011;477:271-3. 

[275] EPA. Plan to study the potential impacts of hydraulic fracturing on drinking water 
resources. Washington, DC: U.S. Environmental Protection Agency; 2011. 

[276] API. Water management associated with hydraulic fracturing. API Guidance 
Document HF2. 1st ed.. Washington, DC: American Petroleum Institute; 2010. 

[277] Satterfield J, Mantell M, Kathol D, Hiebert F, Patterson K, Lee R. Managing 
water resources challenges in select natural gas shale plays. GWPC Annual 
Forum. Oklahoma; 2008. 

[278] Galusky L. Fort Worth Basin/Barnett Shale Natural gas play: an assessment of 
present and projected fresh water use. Fort Worth, Texas: Barnett Shale 
Water Conservation and Management Committee; 2007. 

[279] Pickett A. New solutions emerging to treat and recycle water used in 
hydraulic fracs 2009. 

[280] Veil JA. Final report water management technologies used by Marcellus shale 
gas producers. Illinois: Argonne National Laboratory; 2010. 

[281] Bryant J, Welton T, Haggstrom J. Will flowback or produced water do? 2010 
[cited 2013-09-20]; Available from: http://www.epmag.com/Technology- 
Completion/Will-flowback-produced-water-do_65818. 

[282] Godsey WE. Fresh, brackish, or saline water for hydraulic fracs: What are the 
options? EPA's Hydraulic Fracturing Technical Workshop 4. Washington, 
DC2011. 

[283] Kellman S, Schneider K. Water demand is flash point in Dakota oil boom; 
2010. 

[284] Elizabeth Maclin, Ron Urban. Re: New York State Department of Environ- 
mental Conservation's Draft Supplemental Generic Environmental Impact 
Statement on the Oil, Gas, and Solution Mining Regulatory Program. 
Washington, D.C.: Trout Unlimited: America's Leading Coldwater Fisheries 
Conservation Organization; 2009. 

[285] Litovitz A, Curtright A, Abramzon S, Burger N, Samaras C. Estimation of 
regional air-quality damages from Marcellus Shale natural gas extraction in 
Pennsylvania. Environmental Research Letters 2013;8:014017. 

[286] Nicot J-P, Scanlon BR. Water use for shale-gas production in Texas. US. 
Environmental Science & Technology 2012;46:3580-6. 

[287] EPA. Proceedings of the Technical Workshops for the Hydraulic Fracturing 
Study: Chemical & Analytical Methods. Washington, DC: US Environmental 
Protection Agency; 2011. 

[288] Jackson RB, Pearson BR, Osborn SG, Warner NR, Vengosh A. Research and 
policy recommendations for hydraulic fracturing and shale - gas extraction. 
Durham, North Carolina: Center on Global Change, Duke University; 2011. 

[289] Lustgarten A. In new gas wells. More Drilling Chemicals Remain Under- 
ground 2009. 


[290] NETL. Sustainable management of flowback water during hydraulic fractur- 
ing of Marcellus shale for natural gas production; 2012. 

[291] Jenkins C, Boyer II C. Coalbed-and shale-gas reservoirs. Journal of Petroleum 
Technology 2008;60:92-9. 

[292] Eltschlager KK, Hawkins JW, Ehler WC, Baldassare F, Dep P. Technical 
measures for the investigation and mitigation of fugitive methane hazards 
in areas of coal mining; 2001. 

[293] IPCC. IPCC guidelines for national greenhouse gas inventories. Geneva: The 
Intergovernmental Panel on Climate Change; 2006. 

[294] IPCC. IPCC guidelines for national greenhouse gas inventories. Geneva: The 
Intergovernmental Panel on Climate Change; 1997 (Revised 1996). 

[295] EPA. Inventory of U.S. greenhouse gas emissions and sinks: 1990-2009. 
Washington, DC: U.S. Environmental Protection Agency; 2012. 

[296] Raupach MR, Marland G, Ciais P, Quéré CL, Canadell JG, Klepper G, et al. 
Global and regional drivers of accelerating CO2 emissions. Proceedings of the 
National Academy of Sciences 2007;104:10288-93. 

[297] Le Quere C, Raupach MR, Canadell JG, Marland G, et al. Trends in the sources 
and sinks of carbon dioxide. Nature Geoscience 2009;2:831-6. 

[298] Peters GP, Marland G, Le Quere C, Boden T, Canadell JG, Raupach MR. Rapid 
growth in CO% emissions after the 2008-2009 global financial crisis. Nature 
Climate Change 2012;2:2-4. 

[299] Jaramillo P, Griffin WM, Matthews HS. Comparative life-cycle air emissions of 
coal, domestic natural gas, LNG, and SNG for electricity generation. Environ- 
mental Science & Technology 2007;41:6290-6. 

[300] Schrag DP. Is shale gas good for climate change? Daedalus 2012;141:72-80. 

[301] Cokar M, Ford B, Gieg LM, Kallos MS, Gates ID. Reactive reservoir simulation 
of biogenic shallow shale gas systems enabled by experimentally determined 
methane generation rates. Energy & Fuels 2013;27:2413-21. 

[302] Shindell DT, Faluvegi G, Koch DM, Schmidt GA, Unger N, Bauer SE. Improved 
attribution of climate forcing to emissions. Science 2009;326:716-8. 

[303] Fulton M, Mellquist N, Kitasei S, Bluestein J. Comparing greenhouse gas 
emissions from natural gas and coal. Washington, DC: Worldwatch Institute/ 
Deutsche Bank; 2011. 

[304] Skone TJ, Littlefield J, Marriott J. Life cycle greenhouse gas inventory of 
natural gas extraction, delivery and electricity production. Pittsburgh, 
Pennsylvania: National Energy Technology Laboratory; 2011. 

[305] ANL. The greenhouse gases, regulated emissions, and energy use in trans- 
portation model; 2012. 

[306] Howarth R, Shindell D, Santoro R, Ingraffea A, Phillips N, Townsend-Small A. 
Methane emissions from natural gas systems. Background paper prepared 
for the national climate assessment reference no. 2011-00032012. 

[307] Baisch S, Harjes HP. A model for fluid injection induced seismicity at the KTB, 
Germany. Geophysical Journal International 2003;152:160-70. 

[308] Leith B. Hydraulic fracturing — the state of the science; 2012. 

[309] Joint Report. Induced Seismicity Potential in Energy Technologies. Washing- 
ton DC: Committee on Induced Seismicity Potential in Energy Technologies, 
Committee on Earth Resources, Committee on Geological Geotechnical 
Engineering, Committee on Seismology Geodynamics, Board on Earth 
Sciences and Resources, and Division on Earth Life Studies National Research 
Council; 2012. 

[310] Das I, Zoback MD. Long-period, long-duration seismic events during hydrau- 
lic fracture stimulation of a shale gas reservoir. Leading Edge 2011;30: 
778-86. 

[311] Frohlich C, Potter E, Hayward C, Stump B. Dallas-Fort Worth earthquakes 
coincident with activity associated with natural gas production. Leading Edge 
2010;29:270-5. 

[312] Frohlich C, Glidewell J, Brunt M. Location and felt reports for the 25 April 
2010 mbLg 3.9 Earthquake near Alice, Texas: was it induced by petroleum 
production? Bulletin of the Seismological Society of America 2012;102: 
457-66. 

[313] NPR. Explaining deep injection wells’ link to earthquakes; 2012. 

[314] Ellsworth WL, Hickman SH, Lleons AL, Mcgarr A, Michael AJ, Rubinstein JL. 
Are seismicity rate changes in the midcontinent natural or manmade? San 
Diego, California: Seismological Society of America 2012; 2012. 

[315] The health impact assessment of new energy sources: shale gas extraction. 
Washington, DC; 2012. 

[316] McDermott-Levy R, Kaktins N, Sattler B. Fracking the environment, and 
health. AJN The American Journal of Nursing 2013;113:45-51. 

[317] Bamberger M, Oswald RE. Impacts of gas drilling on human and animal 
health. NEW SOLUTIONS: A Journal of Environmental and Occupational 
Health Policy 2012;22:51-77. 

[318] McKenzie LM, Witter RZ, Newman LS, Adgate JL. Human health risk 
assessment of air emissions from development of unconventional natural 
gas resources. Science of The Total Environment 2012;424:79-87. 


